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Abstract
Fossil fuels depletion and climate change are driving the need for sustainable development and
renewable energy sources globally [1]. Solar being the most abundant and widespread source of
renewable energy is resulting in a rapidly growing, with a growth rate more than 35% annually
for the past 10 years [4]. Hydrogen is an ideal energy carrier for next generation given its high
efficiency, environmental friendliness, wide application as well as several attractive methods for
storage and distribution [17]. The hydrogen economy, a proposed system of producing,
delivering and employing energy by using hydrogen, is under intensive research and
development, and is projected to be realized at the end of this century as one of the leading
suppliers [60].
Photo-electrochemical (PEC) cells connect the solar energy and hydrogen economy together by
directly converting solar energy into chemical energy in the form of hydrogen gas. The metal
oxide based PEC cell has advantages of low cost, high stability and durability and environmental
friendliness [14], a good option for commercialization. With the rapid development of
nanotechnology in recent years, novel nano-structured metal oxide PEC cells can have higher
efficiency and better performance due to the effects of quantization, large surface areas,
improved charge transport, etc.
In this thesis, the current status and future development of the hydrogen economy in terms of
identifying the markets, opportunities and risks of solar-hydrogen has been reviewed and
accessed. The technology review of PEC cells in terms of the working mechanism and efficiency
determining factors has been studied. The current research efforts on metal oxide based PEC
cells for optimizing the performances and processing methods have also been studied. A case
study and cost modeling in the context of scenario has been conducted; the analysis showed the
cost of PEC cells was still very high mainly due to the high materials and processing costs. Thus,
future research development should focus on the technological approaches with low materials
and processing costs and high energy conversion efficiency for earlier commercialization of PEC
cells. Besides, hydrogen storage, distribution, safety codes and standards, education and training
as well as fuel cell technology must also require intensive research and development to insure the
realization of solar-hydrogen economy.
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Chapter 1 Introduction
1.1 Background and overview
Many believe that, energy is the most important technological challenge in the world today [1].
The human race faces problems related to the present energy crisis and related environmental
concerns. Since the industrial revolution began in the 18th century, fossil fuels including coal, oil
and natural gas have provided the power for the infrastructure, transportation networks and
households of society [1]. However, continuing to power the world with fossil fuels not only
threatens our energy supply due to the depletion of fossil fuels, but also induces serious problems
for the environment, such as climate change, water pollution, air pollution, etc. Additionally,
energy security could be a potential hazard. As most of the exported fossil fuels are produced by
OPEC countries, the conventional fossil fuels are geographically limited. Potential conflicts may
occur due to the problems of increasing energy demand everywhere and the depletion of fossil
fuels reserves [7].
Energy directly or indirectly impacts the livelihood of people and drives the global economy.
Humans could not live without energy. Presently, energy consumption by human activities is
approximately 15 TW annually [1]. Around 85% of that amount is provided by fossil fuels, with
coal, oil and natural gas contributing with amounts of 25%, 37% and 23% respectively [3]. The
remainder of the power is generated via renewable sources and nuclear energy with amounts of
9% and 6% respectively [3].
There are various renewable energy resources available, including wind, ocean waves,
hydrothermal, etc., but none of them could be more sustainable, widespread and reliable than
solar energy. Solar energy is a virtually inexhaustible and freely available energy source. It is
estimated that the sunlight provides power approximately 1.2x 105 TW to the earth's surface per
hour, which is more than the power consumed by human activities in one year [1]. The solar
power generation market is also growing very rapidly. Solar power generating capacity increased
by 47% in 2009, the total capacity grew by 7.3 GW to reach 23 GW. Growth has averaged 35%
over the past 10 years [4]. The recent demonstration of a solar powered airplane whose flight
lasted for more than 26 hours by solely employing solar energy marked a major milestone in the
application of solar powered, single-pilot aircraft [5]; a recent indicator of the wide potential for
the applications of solar energy.
Like coal that sparked off the industrial revolution in the 1 8th century, hydrogen is an ideal
energy carrier for the next generation due to its numerous advantages. Hydrogen has advantages
in high conversion efficiencies for both internal combustion engines and fuel cell applications; it
is renewable and green without producing pollutants; it is possible to convert from electricity by
electrolysis with relatively high efficiency; it has wide applications in the food industry, refining
industry as well as space industry [57-58, 61].
Hydrogen production from water using solar energy is a sustainable and renewable approach.
The direct method of solar hydrogen production is also called photo-electrolysis of water. It
refers to electrolysis by the direct use of light, which means the conversion of light into electrical
current and then the transformation of a chemical entity (water for example) into useful chemical
energy (H2 ) using the current [14]. The devices for this function are called photo-electrochemical
cells, which integrate solar energy collection and water electrolysis into one single cell.
Metal oxide based photo-electrochemical cells have potential advantages with respect to high
stability under dark condition, high photo-corrosion resistance and durability and low cost, which
make them suitable for a wide-range of commercial applications [31]. However, one major
drawback of the metal oxide semiconductors is that they usually have wide band gaps, therefore,
only very limited fraction of the solar spectrum can be effectively captured and converted into
chemical energy. Doping can be an effective approach for band gap engineering, which allow
wider range absorption of the sunlight irradiation spectrum. With the rapid development of
nanotechnology, various novel nano-structured metal oxide semiconductors have been developed
with improved performance due to larger surface areas, higher carrier mobility and density of
states [14].
1.2 Energy cost and efficiency
The energy cost of solar hydrogen is closely linked to the efficiency of its production. The cost
of solar electricity is around 25-45 cents per kWh while fossil fuels can produce electricity at a
cost of 2-5 cents per kWh, which is around 10 times cheaper [9, 28]. In terms of the cost of
hydrogen, solar hydrogen cost around $9.5/GGE (Gallon of Gasoline Equivalent); while the
price of gasoline for the same energy output is around $1.5, which is only around 15% of the
solar hydrogen cost [9]. In order to be cost-effective for the development of solar-hydrogen
economy, the efficiency of solar cells and PEC cells should continue to increase with cheap
materials. Fig 1.1 shows the state-of-art research cell efficiencies [6], which is a comparable
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Fig 1.1 Best research solar cell efficiency [6]
1.3 Scope and outline
The report focuses on a brief technical and economic evaluation of the hydrogen economy and
metal oxide semiconductor photo-electrochemical cells, more specifically, the solar hydrogen
production by photo-electrochemical means.
In chapter 2, the hydrogen economy will be briefly discussed. The key drivers of the hydrogen
economy, assessment on various renewable energy sources for the hydrogen economy, current
status and future development of the hydrogen economy will also be studied.
Chapter 3 will be a technical review of metal oxide semiconductors photo-electrochemistry. The
mechanism, types, conversion efficiency and quantization effects of PEC cells will be evaluated.
Chapter 4 focuses on state-of-the-art research on several nano-structured metal oxides, especially
on the binary metal oxide semiconductors (TiO2, a-Fe2O3, W0 3 , ZnO, etc.) with the aim of
optimizing the performance of PEC cells. The materials compositions, structures and processing
methods of novel nano-structured devices will be evaluated.
Chapter 5 will discuss the intellectual property related to nano-structured metal oxide
semiconductors PEC cells as well as a brief market analysis of hydrogen generation, storage and
use.
Chapter 6 will be a case study looking into the commercialization potential of PEC cells based
on a specific technology [172]. In particular, product technology and design, business strategy
and cost modeling will be conducted.
Chapter 7 will provide the conclusion of the thesis; future research trends will also be briefly
elaborated.
Chapter 2 Renewable energy and the hydrogen economy
This chapter focuses on the relationships between renewable energy and the hydrogen economy:
the key drivers; assessment of various renewable energy sources for the hydrogen economy;
current status and future development of the solar-hydrogen economy.
2.1 Motivation of study
2.1.1 Key drivers for the hydrogen economy
There are three major drivers that compel us to consider the development of hydrogen as an
energy carrier by exploiting various renewable energy sources.
0 Energy security
The global energy demand continues to increase at a rapid rate. According to the United States
Energy Information Administration (EIA) [7], world energy consumption has increased more
than 80% since 1980. The world's demand for energy is projected to double by 2050 in response
to population growth and the industrialization of developing countries [8]. In terms of barrels of
oil demand globally per day, according to the statistics provided by Alliance Bernstein, global oil
consumption has increased by 131.25% in the past 3 decades, and it will further increase by
75.67% in the next 30 years as shown in Fig. 2.1 [9].
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Fig 2.1 Global oil demand per day [9]
Fossil fuels are ultimately limited and finite in supply, according ref [8], with shortages of oil
and gas projected to occur within our lifetimes. Global oil and gas reserves are concentrated in a
few regions of the world, while demand is growing everywhere; therefore, the security of the
energy supply is going to be more and more difficult to assure, especially for the countries that
rely on the import of energy sources. Political instability in fossil fuel rich countries transfers
global conflict and strife into domestic energy use [9]. One proof is the evolution of crude oil
price, as oil price and supply security represent immediate or short-term issue for the global
economy [2], shown in Fig 2.2 below. This figure contains two important messages. One is that
it illustrates the significant increase of the price per barrel of oil in recent decades. From 1996 to
2010, the price ranged from less than $20/barrel in 1996 to a peak price around $150/barrel in
2008. The second message is that the price fluctuation is very high. This is a function of the
depletion of fossil fuels, increasing energy demand and the geopolitical instability of the fossil
fuel rich countries [10].
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Fig 2.2 World oil price per barrel from 1996-2010 [11]
Environmental quality
Environmental pollution from fossil fuel combustion byproducts such as sulfur and nitrogen
oxides (SOx and NOx) and greenhouse gases (GHG) like methane (CH 4) and carbon dioxide
(C0 2) could be the biggest threat to worldwide ecological and climatic trends [12]. Sulfur and
nitrogen compounds produced by fossil fuel combustion also contribute to acid rain and to
increasingly detrimental fine particulates. Carbon dioxide and other greenhouse gas (GHG)
emissions are related to global warming, which threaten the stability of the climate of the Earth.
Carbon dioxide can trap long wavelength radiation emitted by the earth. Therefore increases of
CO 2 in the atmosphere will lead to the increases in temperature. There are approximately 6
billion tons of CO2 produced every year by human activities, of which around 80% is from the
burning of fossil fuels. A report established in 2007 of the United Nations Intergovernmental
Panel on Climate change (IPCC) had asserted that changes in the atmosphere, the oceans and
glaciers and ice caps, unequivocally prove that the increasing GHG concentrations is the cause of
the global warming [13]. In another study [14], quantitative analysis of CO2 concentrations has
been studied. The current CO2 levels were easily measured and future levels could be precisely
predicated by using simple arithmetic. Results [14] showed that at the beginning of the industrial
revolution in the 1 8 th century, the CO2 level was 270 ppm; it then increased to 370 ppm within
the 20th century and reach 383 ppm in 2007. Climate models suggested that level of 550 ppm
would lead to serious warming effects, a 'steam age' will come as the magnitude of warming
equals that of cooling seen in the last ice age would happen at the level [1]. A temperature rise of
0.6 ± 0.2 0C has already taken place in the 2 0 th century and an increase of 1.8-4.0 0C is estimated
in the next century [1, 13].
Air quality is also a major concern when using fossil fuels. It has been estimated that about 50%
of Americans live in areas where the levels of one or more air pollutants are high enough to
affect public health and the environment [15]. The use of fossil fuels puts our health at risk
through the chemicals and pollutions that they create. Fig 2.3 [16] shows the emissions from
fossil fuel combustion for the US. As shown in the figure, personal vehicles and electric power
plants are significant contributors to the nation's air quality problems [17]. In the US,
transportation contributes more than 30% of its total Green House Gas (GHG) emission, while
that in Singapore contributes 19% of its total GHG emission [9].
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Fig 2.3 Emissions from Fossil Fuel Combustion [16]
* Economic competitiveness
With the continuing depletion of fossil fuels, the price of energy sources is expected to go up
significantly. One who masters the cost-effective energy solution for the future, would master the
world's wealth. Successful development of a cost-effective energy industry will boost the
economic development of that nation in the future. A nation with cost-effective renewable
energy source will have economic advantages over those that are still reliant on fossil fuels in the
future. Technological advantage in the solar-hydrogen economy is predicted to place active
nations in top positions and lead to enhancements in their economic well-being [17].
2.1.2 Energy demand projection and reduction of CO2 emission levels
In 2001, worldwide primary energy consumption was 4.25x 1018 J, which was an average energy
consumption rate of 13.5 terawatt (TW) [18]. 86% of the energy was obtained from fossil fuels
including oil, coal and natural gas. Future energy demand is projected to increase relative to that
in 2001. The widely accepted scenarios for future world energy consumption have been proposed
by the following formula, which indicates the rate of energy consumption.
f = N-(GDP/N)-(E/GDP) [ 19 ] (2.1)
Where N is the global population, GDP/N is the globally averaged gross domestic product per
capita and E/GDP is the globally averaged energy density. From the scenario, the world energy
consumption rate would grow from 13.5 TW in 2001 to around 40.8 TW in 2050. Even assuming
a decline of global average energy density due to technology improvements throughout the
energy production, distribution and end-use chain, the world energy consumption rate is still
projected to double from 13.5 TW in 2001 to 27.6 TW by 2050 and to triple to 43.0 TW by 2100
[35].
Quantity Definition Units 2001* 2050" 21001
N Population B persons 6.145 9.4 10.4
GDP GDP§ T $/yr 46 1401 284'
GDP/N Per capita GDP $/(person-yr) 7,470 14,850 27.320
E/GDP Energy intensity W/($/yr) 0.294 0,20 0.15
t Energy consumption rate TW 13.5 27.6 43.0
C/E Carbon intensity KgC/(W-yr) 0,49 0.40 031
C Carbon emission rate GtC/yr 6.57 11.0 133
C Equivalent CO, emission rate GtCOz/yr 24.07 403 46.8
(40-.9 Quads/yr)(31.4 GWyr/Quad(10' TW/GW) = 13.5 TW and C =; (24,072 GtCOfyrY(12/44 GtC/
GtCO) = 6.565 GtC (adapted from ref. 1).
it (869 EJ/yr)(106 T/)/(60W24-365 s/yr) = 27.5 TW [adapted from ref. 2 (Scenario 82), pp. 48-55).
!E (1,357 EJ/yr(10i TJ/EJ)/(60&24-365 s/yr) = 43.0 TW [adapted from ref. 2 (Scenario 82), pp. 48-551.
Ail in year 2000 U.S. dollars, using the inflation-adjusted conversions: $m = 1/0.81590 $m (adapted from ref.
1), and 'purchasing power parity' exchange rates.
'in year 2000 U.S. dollars: (1139 T*$ (1/0 81590 $ /i ) =. . 139.6 Tlw
in year 2000 US. dollars: (231 .8Ties(1/D81590$) = 284.1 T$>in
Table 2.1 World energy statistics and projections [35]
To meet the inter-governmental panel on climate change (IPCC) projection stated in Table 2.1,
the average carbon intensity must reach (~0.40 kg of C yr-I W-1) in 2050, which is lower than
that of any of the fossil fuels. The only way to reach the value is through a significant
contribution of carbon-free power to the total energy mix, and an even further increase in the
amount of carbon-free power is required in order to lower the CO 2 emissions and maintain them
below 550 ppm [35].
Three approaches need be followed to achieve the objective [35]:
e The first method is to use the nuclear energy by nuclear fission. But the widespread
implementation of breeder reactors would be costly and difficult to achieve. Besides, the
terrestrial uranium resources base would be exhausted at the level of 10 TW in less than a
decade. Nuclear fusion could possibly provide significant commercial energy late in the
2 1"t century, but the timeline is much too far to meet the CO 2 concentration target in the
next 40-50 years.
e The second approach is by carbon capture and storage. The idea is to dissolve CO2 in
underground aquifers; the leakage rate must be less than 1% for a timescale of centuries.
The implementations could be very tedious, as each reservoir is different geologically.
Massive quantities of carbon-free fuels (hydrogen for example) or electricity are needed
to migrate carbon emissions.
* The third approach is to use renewable energy. The assessment of various renewable
energy sources will be conducted in section 2.3.
2.2 Hydrogen as the energy carrier
For the three reasons, energy security, environmental quality and economic competitiveness,
replacements for fossil fuels as energy sources and carriers are required; the energy sources and
carriers must be clean, sustainable, reliable and widespread.
2.2.1 Advantages
One promising alternative to fossil fuels is hydrogen [22]; hydrogen is an ideal energy carrier for
the next generation for its abundant advantages as follows:
" It is environmentally friendly since its production, storage, distribution and end use do
not produce pollutants, green house gases or any other harmful effects on the
environment. The only byproduct is water.
* It has wide applications in the food industry, fertilizer, refining industry, transportation
and infrastructure, mining, aerospace as well as in fuel cell operation.
e The use of hydrogen in fuel cell leads to the direct conversion to electric power as
compared to combustion in internal combustion engines in motor vehicles with reduced
efficiencies [23]. Hydrogen by combustion can provide a higher specific energy and
power that battery [260], which is especially useful in aerospace.
" It can be produced from and converted into electricity at relatively high efficiencies. The
efficiency of hydro-electrolysis is around 80-94% [258] and the hydrogen fuel cell has
conversion efficiency at around 40%-70% [259]. It can also be converted into other forms
of energy in more ways and more often more efficiently than other fuels.
* It serves as the raw material for the production of water and upon reaction with oxygen is
converted back to water. Both water and sunlight are more abundant and widespread that
any other raw materials and energy source and unlike petroleum that has to be imported;
hydrogen can be produced within all nations [23]. It offers opportunity to eliminate
security problem that fossil fuels present.
" It can be stored and distributed in various ways. It could be stored in the forms of a gas,
liquid or metal hydride; and it can be transported over large distances through pipelines
or via tankers and over short distances by trucks.
2.2.2 Disadvantages
Hydrogen as energy carrier also has several disadvantages and obstacles, which should be
overcome before the hydrogen can be widely accepted and available. The disadvantages are
listed as following:
" Cost. Not only the production is expensive, turning it into a pressurized form (liquid, gas
under high pressure) is also costly. There are also more costs to consider for the pumps,
storage tanks and distributions for hydrogen.
* Storage. Hydrogen gas, which is in its natural form, has a low energy density in terms of
unit volume. It requires complex machines and techniques to compress the hydrogen gas
or compress it into liquid. Hydrogen is highly volatile, and therefore special tanks are
needed to hold it and specially pressurized pumps have to be used to convey it.
* Safety. It is well known hydrogen has a high energy density per unit mass thus it can
provide the power for aerospace applications. At the same time, hydrogen is also highly
volatile and easily to explode. Therefore, hydrogen safety related engineering such as
hydrogen sensor, effective and efficient codes and standards, education for the use of
hydrogen should be ready before the widely use of hydrogen.
* Distribution. The distribution of hydrogen can be even costly. The pipeline for hydrogen
is more expensive than the electric cable. Hydrogen has a high leakage rate and severe
"hydrogen embrittlement" effect to the metals. The distribution via trucks is costly and
not efficient.
Although hydrogen is the most abundant element in the universe, it seldom exists naturally in its
elemental form (H2 ) on Earth. Rather, it exists in chemical compounds like water or
hydrocarbons that must be chemically transformed to yield H2. Hydrogen, like electricity, is a
carrier of energy, and it must be produced from natural sources, for example, thermal (heat),
electrolytic (electricity), or photolytic (light) energy. Currently, most of the hydrogen used in
industries and transportation is produced from steam reforming [30]. However, steam reforming
does not reduce the use of fossil fuels but rather shifts them from end use to an earlier hydrogen
production stage; and it still releases the green house gas to the environment in the form of C0 2,
etc. Thus, in order to achieve the objectives of the Kyoto Protocol and benefits of the hydrogen
economy, renewable energy sources, which are non-fossil fuel resources, must be identified for
the production of hydrogen.
2.2.3 The hydrogen economy
As discussed, the hydrogen economy is the proposed system for producing, storing, delivering
and employing energy with hydrogen as the energy carrier. Fig 2.4 illustrates the basic outline of
the hydrogen based power park concept [1].
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Fig 2.4 The power park concept for hydrogen economy [1]
Another interesting illustration is from the Green Island International (BVI) Limited ("Green
Island"), which has plans to test a hydrogen-powered bus with fuel produced by an
environmentally friendly hydrogen energy station in Hong Kong as shown in Fig 2.5 [262].
Fig 2.5 Hong Kong hydrogen economy [262]
2.3 Analysis of various renewable energy sources for producing hydrogen
There are several possible renewable energy sources that could be used for producing hydrogen,
including hydroelectric, geothermal, wind, biomass and solar, Fig 2.6 shows some process
alternatives [179]. The study and assessment for various renewable energy sources are
summarized in the following. Appendix A also shows the comparisons for numerous energy
resources in terms of the advantages and disadvantages [257]:
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Fig 2.6 Some feedstock and process alternatives [179]
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e Hydroelectric
Gross theoretical potential 4.6 TW
Technically feasible potential 1.5 TW
Economically feasible potential 0.9 TW
Installed capacity in 2006 0.78 TW
Table 2.2 Hydroelectric energy potential globally [1, 7]
From Table 2.2, hydroelectric is a good renewable energy source as it is effective and relatively
cheap. It can provide a potential power output of 15 TW. But the hydroelectricity has three
drawbacks. First, the exploitation of hydroelectric would require damming of all available rivers,
with potential serious ecological effects for the rivers and the ecosystems along the rivers.
Secondly, this energy source is not widespread and is geographically limited. Thirdly, the total
feasible potential is not high enough for supporting the future energy demand of human activities.
Geothermal
Mean terrestrial geothermal flux at earth's surface 0.057 W/m 2
Total continental geothermal energy potential 11.6 TW
Oceanic geothermal energy potential 30 TW
Table 2.3 Geothermal energy potential [1]
The service life for the geothermal wells is normally 5 years, which means such wells run out of
steam in 5 years. In terms of energy output, the power from a good geothermal well is around 5
MW; only one hundredth of the power from a typical Saudi oil well with a 500 MW output. The
exploitation of geothermal needs drilling technology breakthroughs in order to be cost-effective.
Furthermore, geothermal sources are also very limited geographically.
0 Wind on land
Wind energy is plentiful, renewable, widely distributed and clean; it does not create greenhouse
gas emission during operation. At the end of 2009, worldwide nameplate capacity of wind-
powered generators was 159.2 gigawatts (GW). Energy production was 340 TWh, which is about
2% of worldwide electricity usage, and is growing rapidly, having doubled in the past three years
[24].
In terms of the energy potential, 27% of earth's land surface is class 3 (250-300W/m2 ) or greater
globally. If the entire area was previously unutilized, the electricity generation potential could, in
theory, be as high as 50 TW; more practically there is -2 TW electrical potential. There is
significant potential in the US Great Plains, inner-Mongolia and northwest China [1, 24].
However, it still has two major drawbacks compared with solar energy, one is that wind energy
is geographically limited and the other is that the total potential is still low compared with the
solar energy potential.
* Biomass energy
Biomass describes biological materials derived from living or recently living organisms, such as
wood, waste, gas, etc. It is carbon based and is composed of a mixture of organic molecules
containing hydrogen, and often oxygen, nitrogen and also some small quantities of other atoms.
Common examples are: forest residues including dead trees, wood chips and branches, plant and
animal matter that are often used for production of fibers and chemicals [25].
The application of biomass has two important impacts. First, biomass has a very low solar
conversion efficiency of around 0.3%. Therefore, it requires large areas of land for producing
large quantities of biomass. In order to have an energy output of 3 TW from biomass, the area
needed is around 600 million hectares (6x 1012 M2). Proportionally, 4x 10"3 m2 land areas would
be needed to produce 20 TW energy output, which is about 31% of total land area (the total land
area of earth is: 1.3 x 10" M2) [26]. The water resources for the biomass production would be also
a big problem as the water resources are also an increasing emergent crisis. The other impact for
biomass is the environmental impact. Carbon dioxide (C0 2) will be released into the atmosphere
when combusting the biomass, the amount of carbon stored in dry wood is approximately 50%
by weight. Using biomass as a fuel produces the same air-pollution challenges as other fuels.
For example, black carbon, a pollutant created by incomplete combustion of fossil fuels, bio-
fuels, and biomass, is possibly the second largest contributor to global warming [27].
0 Solar energy:
As discussed in the previous section, solar energy is by far the largest exploitable resource
among various renewable energy resources. The utilization of solar energy has three sequences:
solar capture and conversion, solar storage and energy utilization. The solar capture and
conversion is usually accomplished by solar cells. The biggest challenge for the solar cells is the
cost per W for delivering solar electricity. The current electricity price of $0.25-0.45 [kW-hr]~'
is needed to cover the initial materials and installation cost [28]. While the cost of fossil fuel
produced electricity is around $0.02-0.05 [kW-hr]~', including the storage and distribution costs.
Therefore, further improvements on solar conversion efficiency and reduction in materials costs
will be needed to accomplish large-scale commercial applications [9].
In summary, solar-hydrogen technology has advantages over other hydrogen economy, as shown
in Fig 2.7.
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Fig 2.7 Comparisons of hydrogen production from various renewable energy sources
2.4 Conversion methods of solar energy [267]:
Depletion of fossil fuels and environmental issues are factors that force the human race towards
an increase in the usage of renewable energy sources. Sunlight shines on the earth in the quantity
(~1.2x 105 TW theoretically) that is sufficient to fulfill the demand for total global energy
consumption (15 TW).
The applications of solar energy recourse require effective storage, as solar electricity is seldom
a primary energy source for society. It is because of the diurnal variation in local insolation, the
insolation is intermittent which is easily influenced by geology, weather, etc. In summary, the
direct use of solar energy has several intrinsic drawbacks including:
" It has a low power density (1 KW/m2 in average).
* It is intermittent, which is only available when sun shines.
" It can vary due to seasonal changes.
* It is unequally distributed over the earth's surface.
Therefore the solar energy must be converted into other forms of energy, which have high energy
densities, high reliability, and can be easily and stored for long periods of time and distributed to
places of energy demand. The conversion processes for solar energy into useful energy forms
can generally be divided into:
" Thermal processes.
" Photonic processes.
Solar thermal processes refer to the processes that the solar energy is first converted to heat that
can either be used directly or stored in a thermal medium or converted to mechanical or electrical
energy. It can be divided into two categories. One is the low temperature applications, examples
including the domestic water heating systems where solar heat is converted to sensible heat of
the water. However, the storage density and storage time is limited in such systems. The other is
high temperature applications, examples including solar production of steam by using parabolic
mirrors and thermo-chemical cycles using high temperatures to drive a chemical reaction for
storing thermal energy.
In solar photonic processes the photons of sunlight are used as the driving force in the conversion
process. There are several possible ways for the use of photons:
. Photochemical processes
Sunlight is absorbed in isolated molecules in solution. Molecules are either reactants or catalysts.
The molecule absorbs a photon and reaches its excited state, and then the energy of excitation is
transferred to electric carriers to drive a chemical reaction.
0 Photo-biological processes
Photosynthetic organisms use photon to store energy. Energy storage is based on the reduction of
CO 2 to form carbohydrates.
0 Semiconductor systems
Sunlight is absorbed in a semiconductor material. The absorption of a photon results in an
electron-hole excitation and then the excited electrical carrier can be used to drive a chemical
reaction. The semiconductor can be or in the form of a film deposited on a support, built into a
macroscopic unit like a photovoltaic cell or an electrochemical cell or in the form of a small
particle suspended in a liquid.
In the thesis, the photo-electrochemical systems based on semiconductor materials will be
focused as it is found that this conversion method of solar energy into high-grade chemical
energy is very attractive. The storage approach is by transforming the solar energy to chemical
bonding energy, which is similar to the photosynthesis process. The energy could be stored in
hydrocarbons, hydrogen, etc. [14]. The storage in hydrogen is one the most promising
approaches. Hydrogen as an energy carrier provides high efficiency in turbine engines and fuel
cells; it is clean and does not produce green house gas emissions. The advantages of solar-
hydrogen technologies over other hydrogen-generation technologies include [29]:
e The fuel may be generated anywhere.
e The process is sustainable, required elements are only solar energy and water.
* The hydrogen-generating device is stable and reliable, so maintenance is minimal.
e The energy production method has great potential applications, especially for rural areas
and isolated communities.
e The process is environmental friendliness and does not cause pollutions.
2.5 Current status of hydrogen economy
Developing hydrogen as a major energy carrier will require an integrated system including
technological development, market acceptance, and large investments in infrastructure [17]. In
this report, we will focus on the current status of technological developments related to the
hydrogen economy.
There are a number of technical hurdles centered upon cost, efficiency, storage, delivery, safety
and fuel cell technology. The hurdles must be overcome in each area of the hydrogen energy
infrastructure in order to establish the hydrogen economy. The technical hurdles for numerous
hydrogen economy elements are shown in Table 2.4.
In the hydrogen economy, the cost and safety of the hydrogen storage and distribution system are
the key economic determinants. Using hydrogen as energy carrier presents unique challenges due
to its high diffusivity, broad flammability range and low energy density. And these unique
properties of the hydrogen present the cost and safety obstacles at every step of the hydrogen
economy: from production to storage, distribution and ultimately application. The hydrogen
economy elements including storage, distribution, fuel cell technology as well as codes and
standards are described in the following:
Hydrogen infrastructure Elements Key Hurdles
Production - Centrally produced in large refineries, energy e Low cost hydrogen production technique
complexes, or at nuclear or renewable power facilities; e Carbon capture and sequestration
locally in power parks, fueling stations, communities, rural e Advanced hydrogen production techniques
areas; on-site at customers' premises; variable energy from renewable energy sources, esp. solar
sources available at section 2.3 energy
Delivery - a complete supply network would be established e Lower cost hydrogen transport technology
to accommodate both centralized and distributed production * Effective and efficient new delivery system
facilities. Pipelines could be used to deliver hydrogen to * Appropriate uniform codes and standards
high-demand areas, while trucks and other means could e Investment in developing hydrogen
distribute hydrogen to rural and other low-demand areas delivery infrastructure
Storage - A selection of relatively lightweight, low-cost, e Lower cost, high capacity, lightweight
and high capacity hydrogen storage devices would be e Low-volume hydrogen storage system
available in variable sizes for different energy needs
Conversion - Fuel cells produced in high volumes would be e Low cost, high reliable and durable fuel
cost-competitive, durable and reliable and provide clear cell technology
advantages in energy efficiency and emissions
Technology validation - Hydrogen could be available for e Effective field tests and demonstrations of
energy end-use energy need in the economy, including integrated systems
transportations, central and distributed electric power, e Supportive public policies to stimulate
portable power and combined heat and power for building infrastructure and market readiness
and industrial processes
Safety, codes and standards - Model building codes that 0 Effective Hydrogen code
reference comprehensive equipment standards for hydrogen 0 Uniform safety standards for certification
and fuel cell technologies for commercial and residential of fuel cell vehicles, stationary power
applications would be available for adoption by local facilities and portable devices
jurisdictions
Education - Businesses, government agencies, and public * Widespread understanding of and
may choose to use hydrogen to safely and conveniently confidence in the safe use of hydrogen as
power vehicles. Provide electricity and thermal energy to an energy carrier
their factories, homes and offices and run portable electronic 0 Access to accurate, objective information
device. Students in various disciplines would be engaged in about hydrogen and fuel cell technologies
the development, advancement and use of hydrogen and fuel 0 Effective education and training for
cell technologies emergency responders and code officials
Table 2.4 Hydrogen energy system elements and challenges [17]
2.5.1 Storage [274]
Hydrogen storage methods span many approaches including high pressures, cryogenics and
chemical compounds. Currently most researches focus on storing hydrogen as a lightweight,
higher energy density for convenient applications. The established hydrogen storing technologies
can be described as physical approach and chemical approach:
1. Physical approach
" Compressed hydrogen. Hydrogen in the gaseous state is kept under high pressure in
hydrogen tank. For example, pressure of 350 bars (5000 psi) and 700 bars (10000 psi) are
usually used for hydrogen vehicles [01].
* Liquid hydrogen. Liquid hydrogen requires cryogenic storage and boils at around
20.268K. Therefore, the liquefaction requires a large amount of energy for the cryogenic
process, around one third of the stored energy in hydrogen is lost in this way. The tanks
must also be well insulated to prevent boil off.
* There are some other novel physical storage methods including carbon nanotubes, metal-
organic frameworks, H2-containing clathrate hydrates, doped polymers, glass capillary
arrays, glass microspheres as well as keratine.
2. Chemical compounds.
* Metal hydrides. Various metal hydrides (LiH, NaAlH 4, LiAlH 4, LaNi5H6 and TiFeH2,
etc.) can be used as a storage medium for hydrogen. These materials can have good
energy density by volume and bind with hydrogen strongly. A temperature in the range
around120 'C (248 'F) - 200 'C (392 'F) are usually required to release the hydrogen
content. Table 2.5 shows a comparison between the storage method of hydrogen via
compression, liquefaction and metal hydrides.
Storage Hydrogen Storage Hydride Operating Operating Energy density
method content mass [kg] material pressure temperature [MJ-kg- [MJ-m-
[kg] Operating [kg] [Bar] [0C] 1] 3]
Liquid H2  57 liter 20 NA 4 -253 23 3400
Gaseous H2  45 m3  120 NA 300 -20-50 4 1980
Metal
hydride 4kg 320 220 50 -20-100 1.5 3000
Table 2.5 Comparison of storage systems for hydrogen [267]
* There are some other chemical compounds methods including carbohydrates, synthesized
hydrocarbons, ammonia, amine borane complexes, formic acid, imidazolium ionic
liquids, phosphonium borate, carbonite substances, etc.
2.5.2 Distribution [268]
The distribution of hydrogen in a safe, efficient and cost effective way to the end users is a main
goal for using hydrogen as energy carrier. Compared to the currently predominant fossil fuels,
the distribution of hydrogen is particularly challenging due to its high diffusivity, wide
flammability range. The following are some examples for hydrogen transportations:
e Hydrogen pipeline. Oil and natural gas are transported via pipeline for a long history.
Hydrogen has also been transported through steel pipelines for some industrial uses. The
required pressure is relatively low ranged from 10-20 bars. Carbon levels in the steel
pipeline are important for the pipe metal, with lower levels of carbon being desired.
" Road transportation. Currently hydrogen is mainly being transported in both compressed
gas and liquid by special tanker trucks. However, the method will continue to be limited
as it has a relatively small transported volume.
* Some other transport methods are: ocean transportation, air transportation.
2.5.3 Fuel cell technology
The hydrogen fuel cell is a device that produces electricity by combining hydrogen and oxygen,
with water and heat as its byproduct. Today there are six major categories of fuel cells:
1. Proton/polymer exchange membrane fuel cells (PEMFC)
2. Direct methanol fuel cells (DMFC)
3. Solid oxide fuel cells (SOFC)
4. Alkaline fuel cells (AFC)
5. Phosphoric acid fuel cells (PAFC)
6. Molten carbonate fuel cells (MCFC)
Table 2.6 lists out the comparisons for different fuel cell technologies briefly [269]. Hydrogen
fuel cells have a wide range of applications including:
e Stationary fuel cells can be used for backup power, distributed power generations and
cogeneration. Power for rural areas and isolated communities.
* Portable fuel cells can power almost any portable applications that typically use batteries,
from hand-held devices to portable generators.
* Hydrogen fuel cells currently are mainly used to power the transportations as well as
provide auxiliary power to traditional transportation technologies (hybrid vehicles).
Alkaline (AFC) 90 - 1 000C 10kW - 60% -Military
194 - 212OF 100kW 
-Space
Phosphoric Acid 150 - 200*C 50kW - 1MW >40% -Distributed
(PAFC) 302 - 3920F (250kW generation
module
typical)
Polymer 50 - 100 C <1KW - 53 - 58% -Backup power
Electrolyte 122 - 212OF 250kW (transportation) -Portable power
Membrane 25-35% -Small distributed
(PEM)* (stationary) generation
-Transportation
-Specialty
vehicles
Molten 600 - 7000C <1kW -. 1MW 45 - 47% -Electric utility
Carbonate 1112 - 12920F (250kW -Large distributed
(MCFC) module generation
tp ical)
Solid Oxide 600 - IOOOC <1kW - 3MW 35 - 43% -Auxiliary power
(SOFC) 1202 - 1832 0F 
-Electric utility
-Large distributed
.~...generation
*Direct Methanol Fuel Cells (DMFC) are a subset of PEMFCs typically used for small portable power applications
with a size range of about a subwatt to 100W and operating at 60-90'C.
Table 2.6 Comparison of Fuel Cell Technologies [269]
Reducing cost and improving durability are the two most significant challenges to hydrogen fuel
cell commercialization.
2.5.4 Education, safety and standards [275]
A fundamental challenge to the realization of hydrogen economy is the lack of safety
information on hydrogen components and systems. A second challenges is the limited
availability of uniform international codes and standards necessary to standardize technology
[275]. International accepted codes and standards will be necessary to increase the confidence of
local, regional and national officials in the use of hydrogen and fuel cell technology.
* Limited safety data for hydrogen systems
Only a small number of the hydrogen and fuel cell technologies, systems and components are in
operation, therefore only limited data are available on the operational and safety aspects of these
technologies. In addition, the historical data used in assessing safety parameters for the
production, storage, distribution and application of hydrogen are now decades old and will need
to be re-accessed and re-validated.
* Liability and insurability issues
New technologies not yet recognized in codes and standards may have difficulty in obtaining
reasonable rates for insurance. Uniform codes and standards will reduce risks.
* International competitiveness
Hydrogen and fuel cell codes and standards must be harmonized on an international basis. It then
will provide the basis for the economies of scale to commercialize new and innovative hydrogen
and fuel cell technology and provide the freedom to develop technology within the codes and
standards.
* Need for increased understanding of hydrogen systems
It is critical for government officials, fire marshals as well as the general public. Emergency
personnel must be trained properly on the special properties of hydrogen and the method used to
respond to accidents involving the use of hydrogen.
2.5.5 Cost of hydrogen
Hydrogen production, storage and distribution are costly. The infrastructure such as hydrogen
pipelines is more expensive than long-distance electric lines [30]. Hydrogen embrittlement effect
is well known as it can accelerate the cracking of steel; therefore costs in maintenance, materials,
etc. could be very high. Table 2.7 lists out the estimated cost of hydrogen per GGE (Gallons of
Gasoline Equivalent energy) by several different hydrogen production methods. The analysis
shows that the cost of solar hydrogen production is still very high, more than six times than the
cost of gasoline with the same energy output (the gasoline price is around $ 1.50/gallon).
Energy sources for hydrogen production Price of hydrogen per GGE
Natural Gas at small scale $3.00
Nuclear $2.50
Solar $9.50
Wind $3.00
Biomass $1.90
Table 2.7 Estimated cost of hydrogen production per GGE [30]
2.6 Future developments of the hydrogen economy
From section 2.5, we know that currently the hydrogen economy still experiences many barriers:
technological, economical and social hurdles. The cost factor of solar hydrogen production is the
most vital one. A hydrogen-based energy system will need significant effort for development and
will require close collaborations among governments, universities and institutes as well as
technological companies. Currently, the hydrogen technology is still in the intensive R&D period.
The organizations are researching, developing, and validating critical path technologies to be
more cost-effective. Besides, cost-effective storage and distribution, safety codes and standards,
education and training, fuel cell technology should be under continuous development in order to
achieve continuous developments, and ultimately establish a solar-hydrogen economy system.
As shown in the roadmap of Fig 2.8, there is still a long journey before achieving realization of
the hydrogen economy [17].
Strong Government
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Fig 2.8 Proposed Roadmap for Hydrogen Technology Development and Market Transformation [17]
In terms of market transformation, although it is very difficult to predict how exactly the market
will evolve, it is likely that the early applications for solar hydrogen and fuel cells will possibly
be niche markets with less sensitive price points, with a high value proposition and fewer
technical hurdles [17]. Examples include solar-hydrogen fuel cell systems for portable consumer
electronic devices, back-up power, small-scale stationary power generation for isolated
communities, military and public facilities with government subsidy as well as the hydrogen
fueling stations for early testing. As shown in Fig 2.9, it illustrates the similar trend as the
hydrogen economy roadmap (Fig 2.8), but emphasizes the importance of market building and
testing [179].
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Fig 2.9 Main hydrogen pathways: the long term perspective [179]
Chapter 3 Technology review of PEC cells
In this chapter, six themes will be discussed. First, the fundamental introduction and historical
development of photo-electrochemistry will be reviewed. Second, different types of PEC cells
under different criteria will be categorized. Third, the conversion efficiency of PEC cells as well
as the limiting factors for each process involved in solar-hydrogen production will be examined.
Fourth, the photo-physics of semiconductor/electrolyte interface will be evaluated. The last two
topics covered will deal with quantization effect and application of the emerging nanotechnology
for PEC cells.
3.1 Fundamentals of photo-electrochemistry
As shown in Fig 3.1, there are three energy conversion strategies from solar irradiation:
photosynthesis, semiconductor/liquid junctions and photovoltaics with different energy
conversion, capture and storage mechanisms. Semiconductor/liquid junction devices are also
commonly referred to as Photo-electrochemical cells [26].
Fig 3.1 Energy Conversion strategies from solar energy [26]
Photo-electrochemical systems refer to systems that are applicable for solar energy conversion
into electrical energy, as well as for the production of chemical fuel. Especially, the photo-
electrolysis of water (H2 0) is attractive as hydrogen is a valuable energy carrier for next
generation applications and is more easily stored than electricity. Photo-electrolysis integrates
solar energy collection and water electrolysis into one single cell, and is considered a promising
and efficient renewable method for hydrogen production [14].
Photo-electrochemical cells or PECs are solar cells which generate electrical energy from light.
Some photo-electrochemical cells simply produce electrical energy, while others produce
hydrogen in a process similar to the electrolysis of water. A common PEC cells set-up is shown
in Fig 3.2, it consists of an anode and a cathode immersed in an electrolyte and connected to an
external circuit. When the light is illuminated onto the photo-anode, if the photon has energy
equal or larger than the semiconductor band-gap, electron-hole pairs are generated. And then
they are separated by the electric field in the space-charge region in the semiconductor at the
interface with the electrolyte. At the photo-anode/electrolyte interface, H2 0 is dissociated into
oxygen gas and H* ions. Electrons are excited from the valence band to conduction band, with
the electrons transported to the counter electrode, where they reduce H* ions to form hydrogen
gas at the cathode [31].
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Fig 3.2 Illustration of the working mechanism of PEC cells [31]
From the illustration, the efficiency of the PEC cells is determined mainly by two steps: the first
step is the sunlight to electricity conversion efficiency, which is usually around 5-12% for
conventional metal oxide based photo-anode; the second step is the electricity to hydrogen
conversion, the efficiency is usually much higher than the first step, around 85% efficiency. It
indicates that the photo-anode plays a critical role for determining the overall efficiency of a
PEC cell [32-33].
Table 3.1 lists the main parameters and requirements for PEC water splitting [90]; each
requirement will be explained in the following.
PEC water splitting H20(liquid) + 2ho ->202(gas) + H2(gas)
Minimum potential required E0 H2O(25 C)min = 1.229 eV
Practical potential E*H2o(25 0C)pramc = 1.6-2.0 eV
(+overpotential & losses) Ebandgap > EOH20
For efficient utilization UV > ho (Vis) >IR
of sunlight hu > Ebandgap
Band edges requirement Ec < E"H2/H+
Ev> E 02/H20
Table 3.1 Main PEC water splitting requirements [90]
3.1.1 Historic development of PEC cells
The first recorded observation of photo-electrochemical (PEC) phenomenon were made by the
young Henri Becquerel in 1839, who discovered the photocurrent and photo-voltage produced by
sunlight acting on silver chloride-coated platinum electrodes in several electrolytes. Later, he
identified that the effects were not thermal; he then proposed the effects resulted from a solid-
state photochemical reaction and obtained rough spectral response curves by using color filters.
Over the next twenty years, Becquerel continued to work on silver halide-coated electrodes and
developed a photo-electrochemical light meter based on AgCl [14].
During the following 100 years, many scientists and researchers conducted experiments in the
field and many similar phenomena were observed. But the full understanding of this
phenomenon was not achieved until 1954; Brattain and Garrett [14] conducted the experiment at
germanium electrodes to show how changing the semiconductor properties of germanium and
light excitation could influence electrochemical reactions. The research in this field was rapidly
followed between 1954 and 1970 by investigation of several other semiconductor electrodes.
These studies established the first model for the nature of charge distribution, the kinetics and
energetics of charge transfer across the semiconductor-liquid interfaces.
In the early 1970s, the potential application of photo-electrochemical systems by solar energy
conversion and storage was recognized. The announcement by Fujishima and Honda [55] in
1972 of the sustained photo-electrolysis of water by using an n-TiO2 photo-anode stimulated
research and development on semiconductor photo-electrochemistry. Their 1972 Nature paper
reoriented research towards the study of solar photo-electrochemical water splitting and power
production by using inexpensive metal oxide based semiconductor electrodes.
The use of nano-scale materials and structures has given a further major boost to solar photon
conversion. Nano-sized materials with particle sizes in the range of 1-100 nm including quantum
dots, nanowires and nanotubes, etc. produce very interesting size quantization effect in the
material's properties. With size quantization effect, four distinguishing phenomena can be
observed: band-gaps shifts to the blue, carrier lifetime increases, potent catalytic properties
emerge and very high surface-to-volume ratios can be achieved [14]. Size quantization effect in
the photo-electrochemistry of semiconductors were first observed by Nozik et al. in 1985 in a
strained-layer supper-lattice electrode with 40 alternating layers of undoped GaAs and
GaAso.50Po.50 in which charge carriers were spatially confined in one dimension in the GaAs
quantum wells. While quantum dots in which charge carriers were spatially confined in three
dimensions were first used in photo-electrochemistry by Kietzmann et al. in 1991 to sensitize
TiO2 in Grstzel-type cells. Multiple exciton generation (MEG) in quantum dots was first
introduced by Schaller and Klimov in 2004 in PbSe QDs [35].
3.1.2 Photosynthesis
Nature has exploited the sun for billions of years. Plants and some bacteria make fuel by
transforming solar energy into chemical energy through the process of photosynthesis, as shown
in the following chemical reaction.
6CO2 + 12H20 + solar light -+ Ci-6H1206 + 602 + 6H2 0 (3.1)
The reaction mechanism for photosynthesis is briefly explained in Fig 3.3. P stands for
chlorophyll that acts as a light sensitizer. There are two types of photosynthetic reaction centers.
Photosystem I absorb light at 700 nm and is commonly referred as P700 . Similarly Photosystem II
is denoted as P6 80, which makes the system sufficiently electronegative to withdraw electrons
from water. The electron travels via a cascade of electron carriers to Photosystem I, where
NADP* is reduced to NADPH. In this process, a redox potential is generated across the thylakoid
membrane. The potential helps drive the hydrogen ion through the protein channels leading to
generation of ATP from ADP. The outcome of the electron transfer is that the water is split into
oxygen gas and hydrogen ions.
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Fig 3.3 Electron transport in natural photosynthesis
(P = chlorophyll that acts as a light sensitizer, from which a photo-generated electron travels to Q = Plastquinone
that in combination with CO 2 forms a carbohydrate. The photo-ejected electron from P680 is replenished by taking
one from the Mn cluster through the redox active tyrosine linkage (or mediator), which in turn extracts an electron
from water.) [14]
The idea of constructing a photo-electrochemical cell that is capable to convert solar energy to
chemical energy (H2) by mimicking the natural photosynthesis is a major driving force in PEC
cell research [14].
3.2 Types of PEC cells
A photo-electrochemical cell (PEC) is a cell that can convert light energy into chemical energy
through light-induced electrochemical processes. The photocurrent and photovoltage are
simultaneously produced in a PEC cell. A typical PEC cell for water splitting usually consists of
two electrodes immersed in an electrolyte solution. Namely, the working electrode (WE) or
photo-anode, counter electrode or photo-cathode. And sometimes a reference electrode (RE) is
used, whenever an external bias is needed [14].
There are several criteria for differentiating PEC cells; three common methods for
categorizations are shown in the following. The three differentiation criteria are: different photo-
electrode configurations; biased and unbiased systems; and different changes in free energy.
3.2.1 Different photo-electrode configurations [90]
There are several types of PECs with different electrode configurations, as shown in Fig 3.4.
a) A common PEC cell design is usually comprised of an n-type semiconductor as photo-
anode and a noble metal (platinum, for example) as photo-cathode. Oxygen is evolved at
the n-type photo-anode upon illumination, while hydrogen is evolved at the photo-
cathode.
b) A p-type semiconductor is prepared as photo-cathode, reducing the H+ ion into H2 upon
solar light illumination, while oxygen is evolved at the metal photo-anode.
c) Here, photo-anode and photo-cathode are both semiconductors in a PEC cell, known as a
bi-photoelectrochemical cell (BPEC). The n-type semiconductor acts as photo-anode and
releases 02; the p-type semiconductor acts as photo-cathode where H+ is reduced to H2.
d) In this type of PEC cell, the band-gaps are carefully designed with the aim of covering a
large part of the usable solar spectrum by using a hybrid structure. The possible designs
could be: several n-type or p-type semiconductors are layered together, or a combination
of different layers of n-type and p-type semiconductors, as shown in Fig 3.4 d.
Requirements for compatibility of the band gaps and their engineering will be briefly
discussed in section 4.2.
e) In this case, metal oxide and conventional PV material or their combinations are used.
The anode and cathode are usually physically separated, but can be combined into a
monolithic structure. Fig 3.4 e shows the configuration with a metal substrate by
depositing the anode on one side and cathode being the metal. The cell is completed by
using seals to isolate the chambers.
f) Similarly to e), the configuration is based on stacking the anode and cathode onto a single
substrate and providing an electrical connection between the two. The connections
usually need to be photo-transparent.
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Fig 3.4 various photo-electrode configurations for PECs (SC-semiconductor; M-metal) [90]
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3.2.2 Biased and unbiased systems
3.2.2.1 Zero bias
For zero-bias PEC cell, both photo-electrodes are immersed in the same constant pH solution.
The principle for this type of cell is the production of an internal electric field at the
semiconductor/electrolyte interface that is sufficient to separate the photo-generated electron-
hole pairs. Subsequently the electrons and holes are available for water reduction and oxidation.
The photo-anode and photo-cathode could be either physically separated or combined into a
monolithic structure. There is no bias needed. But the efficiency of such system generally
remains low.
3.2.2.2 Biased systems
These types of cells work under solar illumination combined with a bias. The bias usually has
two purposes. One is that it can help to drive the electrolytic reactions when the band alignments
are insufficient. The other is to increase the rate of chemical energy conversion by reducing
electron-hole combination in the bulk of the semiconductor. Fig 3.5 shows several types of
biased PEC cell systems [90].
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Fig 3.5 The different methods of biasing for PEC water splitting [90]
a) Electrical Bias (grid) -fossil based
This type of PEC cell requires electricity from the grid to bias the PEC water splitting. It is
definitely not an attractive approach as fossil fuel based energy sources are required for
generating the electricity. Some other energy sources including thermal-, hydro-, nuclear-, etc.
may also be applied.
b) Chemical bias -pH
A
A chemical bias could be achieved by using two different electrolytes for photo-anode and
photo-cathode with different pH separated by an ion exchange membrane. The electrolytes
should be carefully chosen to reduce the EMF (Electromotive Force) voltage required to cause
the water splitting. Each unit pH difference between the electrolytes provides 0.059V [91].
Normally acid and alkaline electrolytes are used together in one cell for larger bias. For
example, an n-TiO2 photo-anode I 4M KOH || 4M HCl I Pt-cathode cell is a chemically biased
PEC cell [44]. The widely studied photo-anode material rutile TiO2, with 3.0 eV band-gap in an
aqueous electrolyte of pH =1, can only generate photo-voltage at the range of 0.7-0.9 V under
solar irradiation, which is smaller than 1.229 V, the minimum voltage required for water
splitting. Therefore, water splitting is usually achieved with the assistance of an external bias or
chemical bias [14].
This method is usually not favorable due to two reasons. One is additional input of chemical
besides solar energy is required, as the acid (H*) and alkaline (OH~) have to be constantly
supplied to maintain sufficient bias. The bias will decrease with progress of the PEC reaction as
acid and alkaline will be consumed and the pH tends towards equilibrium. The other reason is
that the manufacturing of the acid and alkaline is normally fossil fuel based and requires raw
materials. It is not a cost-effective option.
c) PV cells and DSSCs (Dye sensitized solar cell) bias
The solar PV cell is connected directly to the PEC water splitting device without going to the
grid first (Fig 3.5c). It is different from the conventional design of PV panel plus water
electrolyzer, which convert sunlight into electricity and then use electricity to perform water
electrolysis. For PV cell biased PEC water splitting, PV panel generated current goes to the PEC
cell [90].
d) Internal bias
The internal bias refers to the biasing potential produced on the photo-electrode itself (Fig 3.5 d).
Internal biased PEC cells usually have complex layered, stacked or hybrid structures which
involve arranging several different semiconducting films such that the total band-gap is large
enough for water splitting but small enough to absorb sunlight within visible spectrum which has
high photon concentration. The resultant band edges should also overlap the water splitting redox
potentials. From reference [94], there are numerous possible combinations to achieve appropriate
band-gaps and band edges for direct water splitting but the systems becomes complex. Some
internal biased structures include: PV (a-SiGe)/PEC (W0 3 ) [95], PV (GaInP)/PV (GaAs) [96]
and PEC (DSSC)/PEC (WO3) [97]. One critical condition for these complex structures is that the
potential and current for each layer of such structures should be matched in order to achieve
improved efficiency. Internally biased structures are considered as zero biased systems, as they
are capable of directly splitting water.
3.2.3 Changes of free energy
Fig 3.6 shows different types of photo-electrochemical cells for different changes in free energy.
When shining light, an oxidation reaction will occur on the surface of the n-type semiconductor,
while reduction reaction occurs on the surface of the p-type semiconductor.
a) Electrochemical photovoltaic cell. Solar energy is converted into electrical energy
without change of free energy of the redox electrolyte, where AG = 0. The
electrochemical reaction occurring at the counter electrode is opposite to the photo-
assisted reaction occurring at the semiconductor working electrode. These are also called
regenerative photo-electrochemical solar cells. Hydrogen production is done by the
external electrolyzer.
b) Electrochemical photo-catalytic cell. Photo-generated energy is converted to chemical
energy, two redox couples are involved. The light merely serves to accelerate the reaction
rate and AG < 0.
c) Electrochemical photo-electrolytic cell. Photo-generated energy is also converted to
chemical energy, two redox couples are involved. The cell reaction is driven by light in
the contra-thermodynamic direction. AG > 0.
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Fig 3.6 Different types of photo-electrochemical cells with different free energy change [14]
3.3 Conversion efficiency of photo-electrolysis [35]
Conversion efficiency is a primary factor for evaluating the usefulness of a photo-
electrochemical cell. In terms of water splitting, the redox properties of the electrolyte are fixed.
Thus, the light harvesting and utilization properties of the light absorber, photo-electrodes or
dispersed particles, decide cell efficiency [35]. Appendix B shows some important concepts and
equations for solar cells.
The overall photo-conversion efficiency rq is defined as the ratio of the maximum energy output
that can be obtained from the final products, hydrogen and oxygen, to the energy supplied in the
form of light to produce them. And in terms of power, it could be defined as the ratio of the
power density that can be obtained from hydrogen to the power density of the incident light. For
a photo-electrolysis cell with semiconductors, there are three major processes for water splitting.
They are absorption of photons of energy E > Eg, conversion of absorbed photons into electrical
p -i d
carriers and utilization of the electric carriers for water splitting. Therefore q can be written as
the product of the efficiencies for the processes:
1 = qg q 'c (3.2)
where r/g is solar irradiance efficiency which is defined as the fraction of the incident insolation
with photon energy E > Eg, 0 is the quantum efficiency (QE) and r/c is the chemical efficiency,
which is the fraction of excited state energy converted to stored chemical energy. The formulas
for the efficiencies for the processes are given as:
E fgEN(E)dE7g = Eg ooEN(E)dE (3.3)
= NE (3.4)
NT
c Eg-Eloss (3.5)Eg
N(E) is the distribution of photons with respect to the their energy. NE is the number of photons
utilized for electron-hole pair generation and NT is the total number of absorbed photons. 0 = 1
means the ideal case when all the photons of energy E > Eg are utilized for carrier generation.
E1os is the actual energy loss per molecule in the overall light energy to chemical energy
conversion process; it is always a positive value due to the entropy change in the process.
There are several limitations of the energy conversion efficiency for the three processes. Fig 3.7
below shows the solar irradiance spectrum.
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Fig 3.7 Solar irradiance spectrum. (a) Solar radiation spectrum for direct light at both the top of the Earth's
atmospheres (AM 0) and at sea level (AM 1) (b) Global A 1.5 for the zenith angel of 48.19e (AM = a g/cos48.19e
1.5). The energy of the band-gap, Eg. of several common semiconductors are shown for comparison. [34]
The solar energy available for conversion is a strong function of the relative position of the sun
to the absorbing plane and atmospheric conditions. Fig 3.7 (a) shows the solar radiation spectrum
for direct light at both the top of the earth's atmosphere (AM 0) and at sea level (AM 1). The sun
produces light with a distribution similar to what would be expected from a 5525 K (5250 C)
blackbody, which is approximately the sun's surface temperature [34]. When light passes through
the atmosphere, some of it is absorbed by gases with specific absorption bands also indicated in
Fig 3.7 (a). Fig 3.7 (b) shows the spectrum under AM 1.5 condition which corresponds to a
situation when the absorber plane is inclined 370 towards the equator and represents the average
atmospheric conditions in the US. Quantitatively, the total irradiance can be calculated as
P= f '00P(A)dA (3.6)
It is about 964.1 W/m2 for AM 1.5 illuminations. For simplification by considering the variations
in the atmospheric conditions, the spectrum is normalized to 1000 W/m2 . And for the photo-
electrochemical water splitting reaction
H2O(iquid) + 2hv -+1/2 O2(gas) +H2(gas) (3.7)
A minimum 1.229 eV per electron is needed for the reaction to occur. 1.229 eV corresponds to
1010 nm and thus around 77% of the solar energy is available for water splitting, which is the
fraction of irradiance below A = 1010 nm in Fig 3.7 (b).
The band-gap energy Eg of a semiconductor determines the light harvesting ability of the photo-
electrode. There are several inherent losses for the conversion processes:
1. Only the photon energy greater than or equal to the band-gap energy is able to be
absorbed and the rest is lost.
2. Of the absorbed energy, only the band-gap energy is absorbed and the excess energy (E-
Eg) is lost as heat during the relaxation of the absorber to the level of Eg.
3. The energy of the excited state is thermodynamically an internal energy that has an
entropy term involved in it and only a fraction (-75%) of the energy can be converted
into electrical energy or stored as chemical energy.
4. The spontaneous emissions such as fluorescence could also lead to loss of efficiency.
Therefore the limiting efficiency of a solar energy conversion process qimai is expressed as:
-Fg1VixV
ruimit = T (3.8)
where Fg is the absorbed photon flux:
F = fa A dA (3.9)
amin (hc/A)
Apx is the chemical potential of excited state relative to the ground state. The chemical potential
is related to Gibbs free energy, which is the maximum energy available to be stored as chemical
energy. A single photo-system (single band-gap) has a maximum 33% efficiency at 900 nm,
while for a double photo-system device, the efficiency could reach 40% without carrier
multiplication and 46% with carrier multiplication [35].
When for practical purposes, the conversion efficiency is considered with devices producing H2,
the efficiency is usually expressed in kinetic terms:
r; = R.1 D (3.10)
PTA sIt H2
A GO2 is the standard Gibbs energy for the water splitting reaction generating H2, is equal to 237.2
kJ/mol at 25'C and 1 bar. RH2 is the rate (mol s'1) of H2 generation, and A is the irradiated area
(m2 or cm2). This equation, which assumes that the free energy AGO, can be completely
retrieved, is the one most commonly used. When AH= 285 kJ/mol is applied, this assumption is
based on the enthalpy energy being completely retrieved [34].
When Faradic conversion and photo-assisted factor is incorporated, the conversion efficiency
could be expressed as:
rI'= (1. 2 2 9 -Vbias)
PTA
(3.11)
where Vbias is the applied assisted potential for the redox reaction by either electrical or chemical
bias. Table 3.2 shows several ideal limits for water photo-electrolysis efficiencies that were
estimated by various authors [83].
S/N Efficiency Comments References
(%) ___
1 28 Assumptions behind estimate not known. 184
2 3.4-6.3 For AM 1.0 insolation; estimate depends on semiconductor E". 185
3 7-10 AM 1.2 for one-photon system and a two-photon system respectively. 186
4 41 Two-photosystem configuration with two different (optimized) Eg values. 187
5 30.7-42.4 For AM 1.5-insolation. Estimated efficiency depends on type of solar conversion 186,188
system; i.e., whether single- or twin-photosystem and whether one- or two-photon
driven.
6 38-72 Twin-photosystem at AM 1.0 for the lower limit and a 36-band-gap solar cell for 189,190
the upper limit.
7 9-12 For AM 1.0-insolation, the estimate depends on whether single- or twin- 191-193
photosystem configuration.
8 44.1% AM 1.5 insolation, single photosystem. The maximum power conversion 276
(Max) efficiency of a PEC cell is 44.1%. For TiO2 and Fe 2O3, the power conversion
efficiency is 2.8% and 21.9%, respectively. And the maximum efficiency of solar
to hydrogen is 2.71% and 14.2% for TiO2 and Fe 2O3 respectively.
(Thermodynamic analysis)
Table 3.2 Ideal limits for water photo-hydrolysis efficiencies as estimated by various authors [83]
3.4 Physics of semiconductor/electrolyte interface
In this part, the physic background for semiconductor/electrolyte interface is discussed.
When a semiconductor is illuminated with photons having an energy hv greater than or equal to
the band-gap, electrons in the conduction band and holes in valence band. The reactions for the
water electrolysis are:
2hv + Semiconductor - 2h' + 2e- (3.12)
2h' + H2 O (l) -* 1/2 O 2(g) + 2H (3.13)
2H* + 2e~ - H2 (g) (3.14)
There are several processes for photo-electrolysis of water within the photo-anode and at the
photo-anode-electrolyte interface for the reaction of equations 3.12-3.14.
1. Absorption of light at or above the band-gap;
2. Photo-generation of electron-hole pairs due to light induced intrinsic ionization of the
photo-anode;
3. Charge separation and migration, electron pass through the photo-anode to the back-side
electrical contact and holes to the interface between the photo-anode and electrolyte
concurrently;
4. Oxidation of water at the photo-anode by holes;
5. The transport of H* ions from the photo-anode to the photo-cathode through the
electrolyte;
6. The transport of electrons from photo-anode to photo-cathode through the external circuit.
Leading to the reduction of H* ions at the photo-cathode by the electrons.
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Fig 3.8 Illustration of the operating principle of a photo-electrochemical cell producing hydrogen and oxygen during
water photo-electrolysis [14]
As shown in Fig 3.8, the photo-generated holes react with water to release oxygen molecules and
hydrogen ions at the photo-anode/electrolyte interface. The resulting hydrogen ions then travel
through the electrolyte to the photo-cathode, where the route of the hydrogen ions is treated as
part of the internal circuit. Concurrently the photo-generated electrons transfer through the
external circuit and arrive at the photo-cathode, where they react with the hydrogen ions and
produce hydrogen gas.
From the thermodynamic point of view, a potential of 1.229 V is needed for electrolysis of water
under standard condition. The value of 1.229 V could be derived from the following equation:
AG0 = -nFAE (3.15)
The electrochemical potential of electrons in a redox electrolyte is given by the Nernst equation
as following:
Eredox = Er'edox + RT 1n [COX (3.16)
nF Cred
c0x and Cred are the concentrations of the oxidized and reduced species, respectively. Eredox can be
related to the Fermi level of electrolyte EF,redx by the following equation:
EF,redox -= -4.5eV - eEredox (3.17)
As Eedox is associated with the standard hydrogen electrode (SHE) while EF,redox takes the
vacuum level as reference. When a semiconductor/electrolyte interface is formed, the
equilibrium state of the interface will have the flow of charge from one phase to the other and
band bending will be established. As shown in the Fig 3.9 below, (a) shows the energy levels in a
semiconductor/electrolyte interface taking the vacuum level as reference. (b) indicates the band
structure of the interface before and after equilibrium for a n-type semiconductor (c) same as (b)
but for a p-type semiconductor. X (Eea) and (P are the semiconductor electron affinity and work
function respectively. Vc is the built-in voltage developed within the semiconductor.
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Fig 3.9 (a) shows the energy levels in a semiconductor/electrolyte interface taken vacuum level as reference (b)
Indicates the band structure of the interface before and after equilibrium for an n-type semiconductor (c) same as (b)
but for a p-type semiconductor [14].
Band bending under equilibrium developed as in (b) can be described by:
F Donor impurities in the semiconductor contribute to the Fermi level equilibrium.
s iA depletion layer is formed within the semiconductor side; positive charges contained in
the depletion layer are due to the ionized donors.
* The Fermi level in the semiconductor and in the electrolyte move closer and stop shifing
when EF equals to EF,redox at the interface.
* The charge transfer rate for the semiconductor should be faster compared to the
electrolyte due to the higher density of states in the semiconductor.
Fig 3. 10 indicates the semiconductor/electrolyte interface relative to the Fermi level for an n-type
semiconductor at four different states: flat-band, accumulation, depletion and inversion, both
with respect to band structures and charge states.
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Fig 3.10 The semiconductor/electrolyte interface relation to Fermi level for a n-type semiconductor [14]
As shown in Fig 3.10 above, charge redistribution occurs at the semiconductor/electrolyte
interface, in both the semiconductor and at the interface, leading to the formation of different
interface states, and accumulation or depletion layers in the semiconductor. For an n-type
semiconductor, the flat-band condition is observed when there is no excess charge on the
semiconductor; an accumulation layer formed when there is an excess negative charge associated
with excess electrons at the semiconductor interface that are compensated by positive ions in the
electrolyte, as shown in Fig 3.10 (B). Similarly, the formation of a depletion layer has the same
mechanism but with excess positive charge in the semiconductor [14].
The placement of the valence and conduction bands controls the degree of band bending EB,
which is generally taken as the difference between EF and the Fermi level of the electrolyte
EF,redox- For n-type semiconductors, EF,redox is the 0 2/OH- potential. The maximum open circuit
photo-potential is EB. If EB exceeds 1.229 V, water splitting will occur without external bias; if
EB < 1.229 V, an external bias (either electric or chemical bias) will be needed for water
splitting. The valence band position also plays a very important role on the electron transfer.
Only when the valence band is below the 0 2/OH- level, will rapid and energetically feasible
electron-hole transfer proceed. Fig 3.11 illustrates the effect of bias at photo-anode/cathode,
showing bias inducing a steep bending gradient.
Without bias With bias
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Fig 3.11 Illustration of the effect of bias on water photo-electrolysis at photo-anode/cathode [14]
The standard potential for electrolyze of water is 1.229 V, which is determined from
thermodynamic point of view. When some other constraints are considered, for example, series
impedance, the minimum potential required is around 1.5 V. The potential at around 2 V is most
commonly considered as the optimum potential [90].
In conclusion, four key functional properties of the semiconductor/electrolyte interface are
important [31]:
* Electronic structure: This property is essential for light absorption. The key parameter of
the electronic structure is the effective band-gap energy required for light-induced
ionization. The optimum value of the band-gap for oxide PB (photo-electrode) remains
between 1.8 and 2.2 eV, depending on the extent of energy losses.
* Charge transport: This property impacts on the energy losses related to ohmic resistance
within the photo-electrode. Therefore, charge transport must be maximized.
* Surface properties: These properties control reactivity between water and the photo-
electrode. High performance requires a large population of surface-active sites and high
surface area leading to the formation of photolytically active complexes involving water
molecules and resulting in the enhanced rate of the photo-electrochemical reaction at the
photo-electrode.
e Near-surface properties: The electrical properties near the surface layer, and the related
flat-band potential (FBP), are essential for efficient charge separation. High performance
requires optimized FBP, which may be achieved by imposition of defect concentration
gradients in the near-to-surface layer.
3.5 Quantization effect in nano-structured semiconductor
When charge carriers (electrons and holes) are confined by potential barriers to small regions of
space where the dimensions of confinement are less than the de Broglie wavelength of the charge
carriers, significant quantization effects develop. In general, the reduction in dimensionality of
the semiconductor structure leads to an increase in the degree of quantization along the confined
axis. Fig 3.12 below shows the different spatial confinement conditions that impose increased
quantization, for one direction (quantum well), two directions (quantum wire) and three
directions (quantum dot) quantization respectively.
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Figure 3.12 Schematic diagrams showing the different spatial confinement conditions that impose increased
quantization along the confined direction(s) in (a) one dimension; (b) two dimensions; (c) three dimensions.
Quantum-confinement effects are observable once the reduced dimension becomes comparable with the de Broglie
wavelength of the bound state. [35]
Spatial confinement has three significant and interesting consequences.
1. With the increasing degree of the quantum confinement, the electron-hole binding energy
increases and leads to the formation of enhanced excitons. Spatial confinement leads to
larger overlap of wave functions, but the bound nature of the state must be referenced to
its binding energy relative to the background thermal energy. As a simple example, the
exciton binding energy increases by a factor of four for a 2-D system as compared with a
3-D system. [35]
2. Spatial confinement and reduced dimensions lead to a blue shift in terms of the optical
properties. The blue shift and increase in quantization can be explained in terms of the
dimensions in relation to the Bohr radius of the exciton. Once the crystal dimension
becomes smaller than the Bohr radius, the binding energy must increase, along with the
degree of quantization. The ability to control the optical properties and electronic
structures of semiconductors by simply controlling the dimensions of the structure adds
an important degree of control for optimizing the system, which is also referred to as
band-gap engineering.
3. Another potential advantage of nano-structured electrodes over conventional
semiconductor electrodes is the relatively high density of surface states that may facilitate
rapid separation of photo-generated electron-hole pairs and large surface-to-volume ratio
that can provide higher density of surface-active sites.
A theoretical point of view of size-dependent behavior, when the size of particle is small enough
to enter a regime in which the electronic properties are determined by size and shape of crystals,
was proposed by L.E. Brus and Y. Kayanuma [14]. With respect to the band-gap of the bulk
materials, the size-dependent shift in the nano-particle exciton energy is:
AE = - - 0.248Ry (3.18)
2R2 A ER
Where R is the nano-particle radius, y is the reduced mass of the exciton with the expression of
P- 1 = (m*)-1 + (m*)-1 (3.19)
And R, is the effective Ryderg energy:
R = e4 (3.20)Y 2e 2 h2 y
The first term with 1/R 2 dependence represents the quantum localization energy, and is the sum
of the confinement energy for the electrons and holes. The second term with 1/R dependence
represents the coulombic interaction between electron and hole. And the third term accounts for
spatial correlation in the limit when R/Rexc -> 0 [36], which is very important for semiconductor
with a small dielectric constant. The equation is widely used to estimate the shift in band-gap
energy AE due to quantization, and it is in a good agreement with experimental results [37].
The illustration of interactions at the semiconductor/electrolyte interface is shown in Fig 3.13 for
two limiting cases. For large particles the potential drop within the semiconductor is shown as
equation (3.31), and for small particles (ro << LD), generally in the range of 1 nm to 10 nm, the
potential drop is expressed as equation (3.32). ro is particle size and LD is the Debye length.
e LD] = (ro > LD) (3.21)
kT ( <D-AqO = 6eLD (r,, << LD,) (3.22)
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Fig 3.13 This scheme shows space charge layer formation in microcrystalline and nano-crystalline particles in
equilibrium at a semiconductor/electrolyte interface [14].
3.6 Quantum dot solar cell configurations
There are two fundamental approaches for enhancing the solar photon conversion efficiency: one
is by increasing the photo-voltage (Boudreaux et al., 1980; Ross and Nozik, 1982) and the other
is by increasing the photocurrent (Kolodinski et al., 1993; Landsberg et al., 1993). Three
different solar cell configurations using quantum dots can be envisioned for improving the
photon efficiency.
3.6.1 Photo-electrodes composed of quantum dot arrays [35]
In this configuration, the QDs are formed into an ordered three-dimensional array with inter-QD
spacing sufficiently small such that strong electronic coupling occurs and minibands are formed
to allow long-range electron transport, as shown in Fig 3.14 (a). The optimum shape of QDs for
this configuration is in the form of cubes rather than spheres, in order to get all inter-QD surfaces
as close as possible.
The mechanism for improved photon efficiency can be explained as: the delocalized quantized 3-
D mini-band states can produce a higher photo-potential due to the fact that the configurations
are expected to slow carrier cooling and permit the transport and collection of hot carriers.
Multiple exciton generation (MEG) could also be possible in the QD arrays and the photocurrent
could be enhanced. However, hot-electron transport/collection and MEG cannot occur
simultaneously; they are mutually exclusive and only one of these processes can be present in a
given system.
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Fig 3.14 Configurations for QD solar cells. (a) A QD array used as the i region of a p-i-n junction cell
configuration; (b) QDs used to sensitize a nanocrystalline film of TiO2 to visible light. This configuration is
analogous to the dye-sensitized solar cell with the dye replaced by QDs; (c) QDs dispersed in a blend of electron-
and hole-conducting polymers. In these configurations the occurrence of MEG could produce higher photocurrents
and higher conversion efficiency. Source: Nozik (2002). [35]
3.6.2 Quantum dot-sensitized nano-crystalline TiO2 solar cells
The configuration is an improved design of the promising new type solar cell that is based on
dye sensitization of nano-crystalline TiO2 layers. For the DSSCs, dye molecules are commonly
chemisorbed onto the surface particles of around 10-30 nm. The TiO2 particles are sintered into a
highly porous nano-crystalline TiO2 film with a thickness of around 10-20 pm. When the dye
molecules are exposed to sunlight, electrons are very efficiently injected from the excited state of
the dye into the conduction band of TiO 2, leading to charge separation and the PV effect. A non-
aqueous redox electrolyte contains an F/13 redox and a Pt counter electrode to allow reduction
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of the adsorbed photo-oxidized dye back to its initial non-oxidized state.
For the QD-sensitized cell, QDs are substituted for the dye molecules, as shown on Fig 3.14 (b),
they can be adsorbed from a colloidal QD solution or produced in situ. The advantages of QDs
over dye molecules are attributed to: the tunability of optical properties with size, better hetero-
junction formation with solid hole conductors and the unique potential capability of the QD-
sensitized solar cell to produce quantum yields greater than one by multiple exciton generation
(MEG) [35].
3.6.3 Quantum dots dispersed in organic semiconductor polymer matrices
An improved configuration for organic semiconductor solar cells is to disperse the QDs into a
blend of electron- and hole- conducting polymers. The possible advantage of the QD-organic
polymer photovoltaic cell configuration could be due to the ability of the QDs to produce
multiple electron-hole pairs via MEG, as shown in Fig 3.14 (c).
Chapter 4 Metal oxide-based photo-electrochemical cells
The standing objective in hydrogen production by solar energy is development of a robust,
efficient, reliable, cost-effective and stable photo-electrochemical system for water splitting.
Both metal oxide (TiO2, SnO 2, Fe 2O3, W0 3, KTaO3, SrTiO 3, etc) and non-oxide (GaAs, CdS,
InP, etc.) semiconductors can be employed as photo-anodes for PEC cells. There are several
criteria for evaluating the performance of photo-electrodes for PEC cells: they must have high
photo-corrosion stability, excellent wavelength response, good current-voltage behavior and be
cost-effective. Materials scientists are still looking for better materials for PEC cells. Lower
band-gap materials usually possess a wider visible spectrum but are less stable; they more readily
photo-corrode. While higher band-gap materials are quite stable under operation, they respond to
a smaller fraction of the solar spectrum [14].
This chapter focuses on photo-anodes comprised of metal oxide semiconductors, which are of
relatively low cost and greater stability compared to non-oxide semiconductors. The energy
conversion efficiency may be the most important parameter for evaluating the performance of
the PEC cells. Metal oxide usually have a wider band-gap corresponding to smaller faction of the
solar spectrum absorbed, thus they usually have lower efficiencies. Efforts have been made to
improve the efficiency of oxide semiconductors. The studies cover single crystal, polycrystalline
as well as hybrids and composites materials in various forms under different cell configurations.
With the development of nanotechnology, much work is focused on the use of nano-crystalline,
nano-porous and nano-tubular semiconducting metal oxides for solar-hydrogen production.
The current research on metal oxide semiconductors for water splitting are focused on:
* Studies on doping effects and roles of oxygen vacancies
e Studies on hybrid and composites (TiO2-ZnO, TiO 2-WO3, TiO2-Fe 2O3, etc.)
* Studies on novel nanostructures
e Studies on catalyst improvements
e Studies on novel designed configurations
e Studies on novel processing techniques
4.1 Oxide materials: an overview
Semiconductor oxide PEs should be made of cheap materials with TiO2, Fe 2O3, ZnO, WO3,
SrTiO 3 and other oxides and composites are under intensive studies. Fig 4.1 shows the band-gaps
of the materials with respect to the corresponding wavelength [169]. Some typical features for
these materials are tabulated in the table 4.1 [14]. As a rule, PEs should be large band-gap
semiconductors. At the same time, it is also necessary to increase the electrical conductivity
significantly in order to minimize ohmic losses in the circuit. Photo-sensitivity is one of the most
important factors for practical application. Most oxides are only sensitive to short-wavelengths,
and this is the main reason for the rather low conversion efficiency of PEC cells. Some case
studies and approaches are discussed in the following section for each oxide including
introducing dopants and oxygen vacancies. Examples of dopants for each oxide include:
TiO2<Ta, Mo, W, Nb, Re, Cr, V, Fe, Mn, Ni, Co, Al, etc.>, Fe 2O3<Sn, Ge, Zr, Hf, Nb, Ti, Ta,
etc.>, ZnO<Al, Y, In, etc.>, SrTiO 3<Nb, Cr, La, etc.>, as proposed by Aroutiounian et al. [138].
Doping of semiconductor electrodes can also alter the spectral dependence of the photocurrent.
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Table 4.1: Properties of single cry'stal metal oxide photoanodes
Photoanode D onor Concn -em - v' _V 'l
TO 30 3x 10 -1.05 10
2I 1. -0.7 0,6
SrTi 3 2 3 x 10" 8 -13 13
F,0 2 2 25 X 10 2-5 0 3
Fe2() + 1%'iO 2A2 6.4 10 -
Fe20 I + 1% SnO 2  22 7.8 x 10
n 2epresents band gap derived from the slope of Mott-schottky plots using equnation s =t2(qut AN)-
% SC I. at pi 13 =  V.q is from the intercept of Mott-Schotky plot. E i idependent of p,1
Nanostructure can improve the photo-response of PEC cells due to large surface area effects,
quantum confinement effects and increased photon density. Nano-particles of TiO 2, ZnO, Fe 2O3,
W0 3, and SnO2 show remarkable photo-catalytic activity and photoconductivity [138]. Nano-
structured materials have a dramatic increase in specific surface area and correspondingly
available active sites, as well as fractal phenomena, which then lead to changes in the charge
carrier transport phenomena in porous materials. The drift of charge carriers in the inner electric
field increases due to an increase of band-gap in the porous electrodes because of the size
quantization effect. Nanostructures provide a high surface-to-volume ratio and high density of
various traps. The major part of the electrical current will flow via traps by the percolation
mechanism.
4.1.1 Requirements of oxide semiconductors as photo-anodes
Suitable photo-electrode materials for efficient solar hydrogen generation have to fulfill the
following requirements [32]:
1. Strong visible light absorption. The optimum value of the band-gap should be somewhere
between 1.9 and 3.1 ev.
2. High chemical stability in the dark and under illumination.
3. Suitable band edge positions to enable reduction/oxidation of water. In terms of the band
diagram, the conduction and valence band edges of the materials should "straddle" the
reduction and oxidation potentials of water, as shown in Fig 4.2.
4. Efficient charge transport in the semiconductor. High intrinsic electron and hole
mobilities are desired.
5. Low over-potentials for the redox reaction.
6. Materials with lower cost are preferred.
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The basic working mechanism of a semiconductor/electrolyte junction can be summarized as:
after a semiconductor is immersed into a solution, a charge transfer occurs at the interface due to
the difference in the electron affinity of the two phases. Therefore space charge regions form at
the surface of semiconductor and in the electrolyte. When the semiconductor is irradiated with
photons with energy > band gap energy, electron-hole excitations occur. Electrons move towards
the bulk of the n-type semiconductor while holes move towards the interface and are injected
into the electrolyte. The excited electrons have the possibility to pass to the second electrode,
where reduction occurs. If the solution is an aqueous electrolyte, oxidation and reduction of
water will happen on the semiconductor and counter electrode, generating oxygen and hydrogen
respectively.
Two major problems are associated with the applications of PEC water splitting devices:
1. How to absorb as large a portion of sunlight as possible and the coordination of the
energetics with the spectrum of solar radiation?
2. How to prevent photo-corrosion on photo-anode and how to obtain high stability
electrodes and electrodes surfaces?
The efficiency of PEC production of hydrogen is determined by a combination of factors:
imperfections in the crystalline structures, bulk and surface properties of the semiconductors'
PEs, the resistance to corrosion by aqueous electrolytes and ability to drive the water-splitting
reaction [34].
In order to improve the energy conversion efficiency, there are some approaches according to the
energy conversion efficiency formula 3.12 we discussed in chapter 3.
" Larger fraction of solar spectrum
" Faster charge transport
* Less charge recombination
* Higher probability of MEG
* Higher reaction kinetics
For metal oxide based PEC semiconductors, the strengths and weakness of materials vary. For
example, the most intensively studied material, rutile (TiO 2) has a band-gap of around 3.0 eV,
which can only absorb a small fraction of the solar spectrum and the maximum photo-voltage, is
around 0.9V. Therefore a bias is required in order to decompose the water. a-Fe2O 3 has a band-
gap around 2.2 eV, which is considered as the optimum band-gap potential for water splitting.
But the material has poor charge transport properties, leading to low conversion efficiency [14].
Based on the unsatisfactory materials situation for PEC cells applications, there are several
approaches for improving the efficiency of metal oxide based PEC cells.
* Doping with substitutional elements is a very commonly used strategy for improving
efficiency. Doping can effectively alter the band-gap potential and improve the photo-
response of oxide semiconductors.
" The use of semiconductors on both photo-anode and photo-cathode could help to harvest
a larger part of solar spectrum energy. As the electron-hole potential for driving a
chemical reaction within the electrolyte could be greatly enhanced due to the
simultaneous irradiation of both electrodes [34].
e Increased quantization leads to faster charge transfer and transport (reduce effective
mass of charge carrier, like SiGe lattice, HEMT) and less electron-hole recombination by
using high aspect ratio nanowires, nanotubes, etc.
e QDs and QWs for higher probability of multiple excitations generation.
4.2 Commonly used oxide semiconductor for PEC cells
4.2.1 TiO 2
TiO2 photo-anodes have advantages in high photo-corrosion resistance, excellent charge
transport property and high stability.
TiO 2 has small band bending at the surface and cannot induce water splitting in the absence of
bias voltage. The bias could be either electrical or chemical, and usually adjusting pH of the
electrolyte is a good approach for adjusting the bias [14]. Nozik also reported the photo-
electrolysis of water using a photo-anode comprised of semiconducting TiO2 crystals in the
presence of various electrolytes. In his paper [14], the electrolyte containing 1.0 M phosphate
buffer, 0.1 M KOH as well as 0.1 M KOH in anodic and 0.2 M H2SO 4 in cathodic compartments.
The experiments showed that the efficiency for the PEC cell containing mixed-electrolyte is
higher than those containing homogeneous electrolytes.
TiO2 as photo-anode for solar hydrogen had been carefully reviewed by J. Nowotny et al. [40]
since 1972 when Fujishima and Honda first discovered the photo-electrochemical properties of
TiO2 [55]. The review covered hundreds of important publications till 2006, and it is available as
Appendix C in the thesis.
* Effects of doping and oxygen vacancy
Aroutiounian et al. [98] reported that they had succeeded in lowering the specific resistance of
PEs by many orders of magnitude. During conversion of stoichiometric TiO2 to its reduced form
(TiO 2-), a drop in the dark specific resistance of PEs of 10-12 orders of magnitude was
observed; ZnO to ZnO, gave 5-7 orders of magnitude change. It led to dramatically decreased
ohmic losses in circuits and a remarkable increase in the efficiency compared to non-reduced
samples. It is reasonable to assume that the impurity atoms and oxygen vacancies should have
identical influence on the properties of PEs [98]. Their work also proved that doping of
semiconductor electrodes alter the spectral dependence of photocurrent. They did experiments
on: TiO 2 doped with Cr, V and Mn. Experimental results showed that TiO2/Cr is sensitive up to
600 nm, TiO 2/V up to 750 nm. Similar findings were carried out by other authors [98]. PEs made
of TiO 2 by simultaneous doping with donor and acceptor impurities, which were believed to
have improved photo-response characteristics, were investigated. In this paper, TiO2 doped
simultaneously with Nb (donor) and Cr or V (acceptor) was conducted. The TiO2/ (Nb,Cr)
system had an extended photosensitivity up to 560 nm. The increased impurity concentration was
accompanied by an increase of the photocurrent long-wave maximum [98]. The long-wave
photosensitivity of the TiO 2/ (Nb, V) PEs in some cases covered wavelengths up to 800 nm. The
introduction of the impurities also caused strong distortion of the crystal lattice, hence a
significant increase of surface recombination. Such crystal distortions of double doping probably
prevail over the contribution to the long-wave photosensitivity. Therefore, the efficiency of such
PEs remains very low.
Marusuka and coworkers [38] showed that impurity doping could effectively extend the spectral
response of TiO 2 into the visible region. Al3 (0.05 wt %), Cr 3 (0.0004-0.4 wt %) were studied
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under irradiation of 105 mWcm- . Cr as dopant can significantly extended the absorption band
edge from 415 nm to 550 nm. A 10% increase in energy conversion efficiency was observed
when 0.4 wt% (1020 Cr atom Cm-3) dopant was added into rutile TiO 2. Doping with Al could
increase the photo-response in the UV region and increase the minority carrier diffusion length
leading to an increase of photo-generated charge. When pentavalent impurities such as Nb 5
were introduced into TiO2, niobium acts as electron donor and reduce Ti4* to Ti3 . This leaded to
an increase in the concentration of the majority carrier and therefore in the conductivity. The
photocurrent could thereby be raised. The study showed that an increase in photocurrent by a
factor of three was observed when the doping concentration was set at 0.05 at% and the sintering
temperature was fixed at 1350 "C [39].
e Studies on TiO2 Nano-structures
There are various studies about carbon-doped nanotubes for PE application. In Jong's study
[103], vertically grown carbon-doped TiO2 (TiO 2-xC,) nanotube arrays with high aspect ratios
(-3m in length) showed much higher photocurrent densities and more efficient water splitting
under visible light illumination (>420 nm) than those of pure TiO2 nanotube arrays. A 20-fold
increase in the total photocurrent was observed compared to a P-25 TiO2 nano-particulate film
under white light illumination. Zhou Bin's nano-structured carbon-doped TiO 2 thin film was
prepared by pulsed layer deposition (PLD). XRD analysis proved the C-TiO2 had a hybrid
microstructure of rutile and anatase. Defects of C-TiO2 narrowed its band-gap by 0.1 eV (from
3.25 to 3.15 eV). Photo-response measurements showed that the C-TiO 2 PE had a peak rate of
gas production at 325 nm; however, the photo-response under visible spectrum was still limited
[104].
Wolcott et al. [102] reported very dense and aligned TiO 2 nanorod arrays fabricated by using
oblique-angle deposition on indium tin oxide (ITO) as photo-anode. The nanorod arrays had a
high aspect ratio, with a length of 800-11 00nm and width of 45-400nm. The surface coverage of
ITO is very high with 25x 106 mm-1 of the TiO2 nanorods. Both UV/Vis and incident-photon-to-
current-efficiency measurements showed that the photo-response increased up to 400nm. Overall
water splitting was observed with an applied over-potential of 1.0 V with a photo-to-hydrogen
efficiency of 0.1%.
e Processing techniques
> Anodization
TiO 2 nanotubes and nanotube arrays showed significantly improved properties compared to any
other form of TiO2 for the applications in photo-catalysis [141-142], photo-electrolysis [143-145]
and photo-voltatics [146-149]. Therefore they should be very good for solar-hydrogen
applications. There are a variety of fabrication methods for producing TiO2 nanotubes including
deposition into a nano-porous alumina template [150-151], sol-gel transcription using organo-
gelators as templates [152,153], seeded growth [154], hydrothermal processes [155-158] and
anodization [159-162]. Of the fabrication methods, anodization using a fluoride solution seems
one of the best strategies as very high aspect ratio and vertically ordered nanotube arrays can be
fabricated. Various FESEM images of the TiO2 nanotube arrays prepared by anodization are
illustrated in Fig 4.3 [170].
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Fig 4.3 Illustrative FESEM cross-sectional, bottom, and top images of a nanotube-arrays sample grown at 60 V in an
ethylene glycol electrolyte containing 0.25 wt% NH4F with high aspect ratio [170]
The mechanism of nanotube anodization of TiO2 was explained in ref. [140], while Fig 4.4
illustrates the process.
a. A thin layer of oxide forms on the titanium surface with the onset of anodization.
b. Small pits originate in this oxide layer due to the localized dissolution of the oxide.
c. The electric field intensity across the remaining barrier layer increases due to the
decreasing thickness of the barrier layer at the bottom of the pits, which then results in
further pore growth.
d. The pore entrance is not affected by electric field-assisted dissolution and hence remains
relatively narrow, while the electric field distribution in the curved bottom surface of the
pore causes pore widening, as well as pore deepening.
e. Fully developed nanotube arrays with continuous growth.
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Fig 4.4 Schematic diagram of the evolution of a nanotube array at constant anodization voltage: (a) oxide layer
formation, (b) pit formation on the oxide layer, (c) growth of the pit into scallop shaped pores, (d) metallic part
between the pores undergoes oxidation and field assisted dissolution, and (e) fully developed nanotube array with a
corresponding top view [140].
Experimental studies showed that electrolyte composition played a critical, and as of yet
essentially unexplored role in determining the resultant nanotube arrays nano-architecture and
potentially its chemical composition [140]. Electrolyte composition and its pH, determined both
the rate of nanotube arrays formation. Table 4.2 lists out the electrolyte pH and composition,
anodization conditions, and size of the resulting nanotubes. More detailed information can be
found in the review paper by Gopal et al [ 140].
No. Electrolyte" pH V(V) e (hi) D (nm) L (pm) Cy
F S()" POi Cit
01 0.1 1.0 - - < 5 1 10 2 No NT
02 0,1 1 .0 - - < 1 10 1 40 5 (.28 i0.02 NT
03 0.1 I) - .1 15 1 8019 NT
04 01 1.0 . - <1 20 1 100 t 11 0.48 J-0.03 NT
05 0.1 1.0 -. <c 25 1 110112 0.561 0,04 NT
06 0-1 1.0 <1 30 1 No NT
07 0.1 1.0 - 1 20 6.5 100 11 0.43 i0.03 NT
08 0.1 2.0 . < 1 20 1 100 I1 0.45 0.03 NT
09 0.1 1.0 0.2 13 10 20 30 5 0.32 0.03 NT
10 0.1 1.0 - 0.2 2.8 10 20 30i 5 0,59 0.05 NT
11 (1 1.0 - 0.2 2.8 15 20 50+5 LOOW tO.05 NT
12 0-] 1.0 0.2 2.8 25 20 1151 10 150i j:0.04 NT
13 0.1 1.0 - 0.2 3.8 10 20 30+ 5 0.80 + 0.06 NT
14 0.1 1.0 -. 0.2 3.8 10 60 30 5 1.80+0.06 NT
15 01 1 .0 0.2 3.8 10 90 30 5 2.30 +0.08 NT
16 0.1 1.0 - 0.2 4.5 10 20 30t 5 1.05 ± 0.04 NT
17 01 1.0 -. 0.2 4.5 25 20 l51 4.40 0.10 NT
18 01 1.0 0.2 5.0 10 20 30 t 5 1.40 i0.06 NT
19 0.1 1. - 0.2 5.0 25 20 115 +5 6.00± 0.40 NT
20 0.1 10 0-1 0.2 6.4 10 24 No NT
21 2.0 <1 10 24 NoNT
Cit~~~t1 it tI i Di di f bhf
: c rA ; :1 me; : nner ameter o, natu e; _L:egt o 1 nanIotube.
SOj is from addition of H2S0 4 or NaH SO4 ; PQ) is addition of potassium hydrogen
denotes citric acid from its salt, H(CO()2Na)(CHC 2Na)2 2H 20.
"Electrolyte components are in ol1;L.
h pH < I represents a LO or 2.0 moltL H 2SO4 medium.
phosphate K 2HPO 4; Cit
'Quality Q of resulting nanotubes. NT: nanotubes uniformly across substrate. No NT: no nanotubes or partly
developed nanotube/morou sstructures.
Table 4.2 Electrolyte pH and composition, anodization conditions, and size of the resulting nanotubes [140]
> Hydrothermal synthesis
Hydrothermal synthesis of nano-structured oxide semiconductors is a good approach for
potential industrial application, as it has high fabrication rates and is relatively cheap.
TiO, powders
1. Aq. NaOH, 5-12 M
2. 110-130 0C, 12-24 h
3. Acid treatment, 0.1 N HCI or HNO34. Water wash
5. Heat treatment, 300-400*C, 2.0-4.0 h
TiO2 nanotubes
Fig 4.5 Wet chemical synthesis route for TiO2 nanotube [14]
A common synthesis scheme for titania nantubes were proposed as Fig 4.5. Studies have
examined the effects of hydrothermal conditions on the properties [14]. The mechanism of the
wet chemical synthesis route was proposed by Bavykin et al. [54]:
Dissolution of TiO, precursors
TiO2 + 2NaOH 4 2Na' + TiO32- + H20
Dissolution-crystallizaion of nanosheets
2Na* + TiO32- _ [Na2TiOnush
Curving of nanosheets
2Na + TiO 3 -+ [Na2TiO3]Sh 4 [Na2 TiO3],tb
Washing of nanotubes
[Na2TiO3]tb +H20 4 [H2TiO3]htb + 2 NaOH
[H 2TiO3]ltb 4[TiO2],,tb
Another method of manufacturing nano-structured TiO2 similar to hydrothermal is pyrolysis.
TiO2 nanotubes could be fabricated by pyrolysis of titanium tetraisopropoxide by a modified
chemical vapor synthesis process at a high process temperature and high precursor partial
pressure [68]. The basic process is shown in Fig 4.6.
Ti{OCH(CH 3)2}4 -+ TiO2 + 4C 3H6 + 2H 20
Precursor Preparation
Hydrolysis
Peptization
Hydrothermal Growth
Concentrate Colloid
Solvent Exchange,
Eth I Cellulose Addition)
Homogenize Paste
Screen Print Films
Dry and Anneal Films
Modify Ti-isopropoxide with acetic acid
Rapidly add precursor to water
Acidify with HNO3, ref lux
Autoclave: 12 hours at 2300 C
Rotovap: 45*C, 30mbar
Flocculation, centr ifuging
3-roll mill, 15 minutes
Anneal: 4500C, 20 minutes
Fig 4.6 Hydrothermal growth of nanostructured titania [68]
> Templated synthesis
Templated synthesis of nanostructures is a powerful approach for nano-fabrication; both
topographic and chemical templates can be employed. There have been many studies reported
that involved nano-porous anodic alumina, PMMA/PDMS, lithographic nanowires, VLS
growing CNTs as template. Liu [49] had synthesized single-crystalline TiO2 nanotubes by
hydrolyzing TiF4 under acidic conditions with an anodic aluminum oxide (AAO) membrane
template. P. Hoyer [49] fabricated TiO 2 nanotubes by using PMMA mold with a replicated
structure of an AAO membrane.
4.2.2 a-Fe 2O3
a-Fe2O3 has a band-gap in the range of 2.0-2.2 eV [14, 114], which allows the absorption of 38%
of the solar spectrum under AM 1.5 illumination. a-Fe2O3 can absorb all the UV light and most
of the visible light up to 565 nm. It is also a low-cost semiconductor and has long-term chemical
stability over a wide pH range.
Various studies and measurements on photo-potential, capacitance and transient photocurrent
suggest that the performance of c-Fe 2O 3 as a photo-anode is degraded by low charge carrier
mobilities and slow charge transfer across the interface [45, 46]. The mechanism for the
phenomenon could be explained as: the photo-generated holes of a-Fe2O 3 are usually located in
'd' orbitals that form narrow bands, the hopping process in the narrow bands leads to a low
charge carrier mobility. When the excited e-h pairs are generated deep in the semiconductor bulk,
the holes will have a very high probability of recombination due to their low mobility and short
diffusion length. As a consequence, the probability of charge carriers reaching the space charge
layer is reduced and therefore the quantum efficiency will be lower. This is the biggest concern
about the exploitation of a-Fe2O3 for PEC devices. In addition, the photo-corrosion resistivity
and stability of a-Fe2O3 could be a concern for applications.
The major drawback of a-Fe2O3 is its high resistivity and high recombination rate of photo-
generated charge carriers at the semiconductor/electrolyte interface [118,119]. Therefore the
main research direction for PEC applications of a-Fe2O3 focuses on increasing its photo-
conductivity and reducing the recombination rates of the charge carriers.
Major efforts have been put towards that approach including investigations of different dopants,
different composites, different processing techniques and also different nanostructures [114-126].
As an example, a nano-structured thin film based on a-Fe203 nanorods oriented perpendicularly
to the conductive substrate were used to avoid recombination losses at grain boundaries between
the nano-particles (see Fig 4.7). Vertically-oriented nanorod structures enhance the electron
transport to the back contact, and thus an improvement of photo-conversion efficiency should be
obtained [130].
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Fig 4.7 Schematic representation of the electron transport through (a) spherical particles and (b) nanorods [130]
e Doping
Many different dopants including Ta [119], Mg and Si [120], Ti [121], I [122], In [123], Si [124]
Mn [125] and coatings with different materials such as Fe 2O3-Nb2Os have been widely
investigated [126]. However, low efficiency of a-Fe2O3 due to high rate of recombination of
photo-generated carriers limited its efficiency. Researchers are also trying to work on
computational modeling and designing of a-Fe2O3 with optimal morphology, microstructure,
texture, size, shape etc. in order to probe, tune and optimize the properties of it for the PEC
applications [114]. Vayssieres et al. [127] and Lindgren et al. [128] modeled and designed an
optimal a-Fe 2O 3 nanorods structure with no grain boundaries for better photo-response by
computer simulations. However, the physical experiments still showed high recombination rate.
The reason underlying these results could be the presence of a large number of built in bulk
recombination centers and slow kinetics at the nano-structured semiconductor/electrolyte
interface.
* Surface modifications
It has been found that some surface modifications such as deposition of Zn dots and irradiation
by swift heavy ions (SHIs) could enhance the photo-response of nano-structured a-Fe2O3 [114,
116].
Cu/Zn islands were deposited on a-Fe203 for investigating the photo-response. Zn-dotted islands
on the surface showed greater photo-response than Cu-dotted surfaces. The processing
techniques to form the islands also had a strong influence on the photo-electrochemical
properties of a-Fe2O3: spray pyrolysis showed the best performance, as shown in Table 4.3 [114].
Method of preparation Dopant Doping conc. (at %) Photocurrent
density (IA/cm2)
at 0.6V/SCE
Zn 5.0 422.6
Zn 1.5 87.9
Table 4.3 A comparison of photocurrent density observed for a-Fe2O3 prepared by different methods [114]
Singh et al. [116] described a study on the swift heavy ion irradiation induced modification in
the PEC properties of nano-structured hematite thin films. Thin films of nano-structured a-Fe2O 3
were prepared by spray-pyrolysis and then irradiated with Si7* ions at a fluence ranging from
5 x 102 to 4x 103 ions/cm 2. It was observed that ion fluence played an important role in
modifying the PEC properties of the material. Experiments showed the fluence 2x 103 ion/cm 2 of
100 MeV Si7* to be the optimal fluence of radiation in hematite. This significantly improved the
photo-electrochemical response for generating hydrogen with maximum photocurrent density of
~369 pA/cm 2 at 0.95 V/SCE external biases. This increase in photocurrent density might be
attributed to the increase in flat-band potential at the junction. Significant photo-response was
also found by 170 MeV Au13 * SHIs [114]; the detailed mechanism is still under investigation.
e Processing techniques
Doped and undoped nano-structured hematite thin films or particles can be prepared by a variety
of methods. Some common methods including: thins films by spray pyrolysis via the precursor
Fe(N0 3)3-9H20 followed by sintering [128, 131]; thin films by sol-gel via the same precursor as
first method but by stirring for 4 hours following by sintering; particles could be prepared by sol-
gel method by either HMTA route or glycerol route [128].
Tahir et al. [115] reported a new processing method to obtain hematite thin film photo-electrodes.
The hematite was fabricated by aerosol-assisted chemical vapor deposition (AACVD) using a
new hexa-nuclear iron precursor [Fe 6(PhCOO);o(acac) 2(O) 2(OH)2]-3C 7H8  (where
PhCOO=benzoate and acac=2,4-pentanedionate). Highly crystalline thin films of a-Fe2O3, with
an average diameter of 35 nm on fluorine doped SnO 2 (FTO) coated glass substrates at 475 0C in
a single step, was obtained by the processing technique. Then the needle-like particles having
length in the range of 100 to 160 nm with a diameter of 30-50 nm were sintered together to form
a compact structure of an 80-nm-thick a-Fe2O 3 layer. The optical band gap was estimated to be
2.13 eV. The donor density of the a-Fe2O3 was 2.9x1023 m-3, and the flat band potential was
approximately -0.86 V vs VAg/AgcI. The photo-electrochemical characteristic measurements under
AM1.5 illumination indicated that the photocurrent density of 600 pA cm-2 at 1.229 V vs RHE,
which is among the highest reported for an undoped a-Fe2O3 photo-electrode to date [115].
Similar experimentation was also conducted by Sina et al. [117]; they prepared nano-structured
thin films of (-Fe2O3 through atmospheric chemical vapor deposition (APCVD) via the
precursors of ferrocene and iron pentacarbonyl. Higher optical absorption was observed for such
hematite films prepared using ferrocene. The photocurrent density of 540 pA/cm2 and 1.5
jiA/cm2 at 1.229 V vs RHE was achieved for hematite films prepared using ferrocene and iron
pentacarbonyl, respectively. The significant photo-response improvement of ferrocene-prepared-
film was attributed to the higher packing density of a-Fe2O 3.
Both AAO and CNTs template were also employed for fabricating nano-structured a-Fe2O3.
Chen et al. [53] used AAO template to synthesis a-Fe2O 3 nanotubes, 4.0 M Fe(N0 3)3 solution
was first filled into an AAO template, followed by drying and annealing of the prepared template
and subsequently dissolving AAO in 6.0 M NaOH to obtain the nanotube structure. CNT-
assisted a-Fe2O3 preparation could be achieved: CNTs were first coated with a-Fe2O3 nano-
particle via thermal decomposition of Fe(N0 3)3, then heated up resulting in a-Fe 2O3/CNTs
composites in an oxygen atmosphere to remove the CNTs and obtain a-Fe2O3 nanotubes.
4.2.3 W0 3
W0 3 is a nontoxic, stable, and inherent n-type semiconductor. It is one of a few inexpensive
semiconductors that are resistant against photo-corrosion in an acidic aqueous solution, with
band-gap energy approximately 2.7 eV for crystalline W0 3 . All these properties suggest that
W0 3 can be a promising alternative to TiO2 for PEC systems [106].
The possibility to build a photo-electrochemical cell for hydrogen production by using spray
pyrolysis deposited W0 3 films was first conducted by Enesca et al. [109]. The SPD technique
could prepare W0 3 thin films with high crystallinity and porous morphology. The study showed
that the conductivity of W0 3 could be explained quantitatively as that of an extrinsic
semiconductor with shallow donor levels, arising from interstitial impurity metal atoms or
oxygen defects. The photoconductivity analysis showed that W0 3 surfaces were activated under
bias. W0 3 has good electronic properties and is suitable for photo-electrolysis under solar
irradiation. A linear relationship of iphoto versus Jlight observed at all potentials for W0 3 photo-
anodes indicate that charge carriers generation by light is the limiting factor for the photocurrent
as well as the photo oxidation of water [113].
W0 3/TiO 2 bi-layered electrodes have been intensively researched recently for effective charge
separation with the aim of extending the lifetime of the electron-hole pairs and improve the
photo-catalytic activity [107]. The crystal W0 3 usually is not a good option due to the fact that
its conduction band position is not compatible with TiO2 and a Schottky energy barrier forms
[108]; thus charge transport is degraded. Amorphous W0 3 is compatible with TiO 2, but its band
gap ~3.4 eV is too large that very limited sunlight absorbed. Besides, a-W0 3 also contains high a
density of defects that leads to an increased bulk recombination rate. W0 3 bi-layer structures
consist of bottom and top layer fabricated through sputter-deposition at 773K and 573K
respectively. Experimental results showed significant photo-response for the bi-layer electrode
made by a thin (0.7 pm) 573 K top layer on a thick (1.3 pm) 773 K bottom layer. The much
higher photo-response of the bi-layer film than that of single layer film was due to the larger
number of electro-chemical reaction sites and the good carrier transport properties that were
provided by the small grains of the 573 K top layer and the large grains of the 773 K bottom
layer respectively. Thus, bi-layer structures provided both a large number of electrochemical
reaction sites and suitable electrical pathways that resulted in significantly improved PEC
performance.
The W0 3/TiO 2 thin films were also be fabricated by using the SPD technique with crystalline
structure and high conductivity [Ill]. The photo-response analysis showed a high chemical
stability at pH = 6 for the both films. The absorption range for TiO2 is 340 - 370 nm and for W0 3
is 300 - 360nm. Therefore it is possible to use a combination of TiO 2/WO 3 to build a photo-
electrochemical cell as device for hydrogen production, working in aqueous media at pH=6.
N-type semiconductor thin films of W0 3 , Fe 2O3 and the composite structure of W0 3/Fe 2O3 were
fabricated on FTO (SnO 2: F on glass) substrate by the sol-gel method for studying the photo-
electrochemical properties of the thin films [110]. The photo-response analysis showed that the
photocurrent of the W0 3/Fe 2O3 film was higher than that of W0 3 or Fe 2O 3 alone, particularly
under visible light illumination (X > 440 nm). In this case there was almost no photocurrent in the
W0 3 film as W0 3 has a wide band-gap. One possible explanation was that the photo-generated
electrons could transfer more easily in W0 3/Fe 2O3 than in W0 3 or Fe 2O3 alone due to the special
conduction band structures of the composite. Thus the W0 3/Fe 2O3 hetero-junction would be
critical for the improvement of the energy conversion efficiency. Fig 4.8 illustrates the energy
band model of the junction and a possible transfer mechanism of photo-generated carriers. The
photo-generated holes in Fe 2O3 or W0 3 layers do not transfer through the photo-anode layer but
react with electrolyte directly, while the photo-generated electrons must transfer into the FTO
substrate through Fe 2O3 or W0 3 layer. Therefore the diffusion length of electrons is longer than
that of holes, the electron combination rate will increase and thus the energy conversion
efficiency will decrease. However, for W0 3/Fe 2O3 electrodes, the conduction band of W0 3 is
higher than that of Fe 2O3, which makes the photoelectrons transfer more easily and decrease the
combination rate between the electrons and holes.
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Fig 4.8 Schematic energy band diagram of W0 3/Fe 2O3 on the FTO substrate [110]
A porous W0 3 matrix as a substrate for the thin nano-crystalline TiO 2 film can increase the
photo-generation efficiency compared with TiO2 and W0 3 films alone at band-gap excitation, as
shown in Fig 4.9. A matrix layer covered by nano-particles instead of a mixture of nano-particles
is beneficial for an efficient electron escape to the bulk of the semiconductor with a lower lying
conduction band, as shown in Fig 4.9 (a). Therefore electron injection into the bulk W0 3 matrix
layer decreases the probability of surface recombination. A large open surface area of the matrix
layer can accommodate a considerable number of TiO2 particles even when employing a very
thin layer of TiO2 (~50 nm) [112, 129].
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Fig 4.9 (a) Energy diagram of the band structure of the TiO2 and W0 3 films. (b) Spectral distribution of
photocurrent for TiO 2, W0 3, and W0 3/TiO2 films at bandgap excitation for front-side illumination. (c) Photocurrent
vs. potential (V vs. SCE) at full illumination by a 400 W xenon lamp. [129]
4.2.4 ZnO
ZnO is a wide-band-gap semiconductor that possesses an energy-band structure and physical
properties similar to those of TiO 2. Table 4.4 shows the comparisons between the two materials.
However, ZnO has a higher electronic mobility that would be favorable for electron transport,
with reduced recombination loss when used in PECs [105]. ZnO has unique advantages for its
ease of crystallization and anisotropic growth. These properties allow ZnO to be produced in
various nanostructures with unique and novel properties for applications in optics, catalysis,
electronics, etc. [105].
Crystal structure rocksalt. zinc blende and wurtzite Rutile, anatase, and brookite
Energy band-gap [eV] 3.2-3.3 3.0-3.2
Electron mobility [cm 2V s'I 205 300 (bulk ZnO), 1000 (single 0.1- 4
nanowire)
Refractive index 2.0 2.5
Electron effective mass [nj X 0.26 9
Relative dielectric constant 8.5 170
Electron diffusion coefficient [cm- 5.2 (bulk ZnO), 1.7x 10 0.5 (bulk TiO1) ~10 -0
s_) (nanoparticulate film) (nanoparticulate film)
Table 4.4 A comparison of physical properties of ZnO and TiO2 [105]
Nano-structured ZnO can exhibit interesting electron transport or light propagation properties in
light of large surface area, quantum confinement and/or photon localization. A variety of nano-
structured forms of ZnO were developed including nanoparticles, nanowires/nanorods,
nanotubes, nanobelts, nanosheets and nanotips by various processing techniques: sol-gel
synthesis, hydrothermal/solvethermal growth, physical or chemical vapor deposition, low
temperature aqueous growth, chemical bath deposition or electrochemical deposition. In this
review paper, the author [105] concluded that photo-electrodes with nano-structured ZnO can
significantly enhance solar-cell performance for three reasons: firstly, direct transport pathways
for photo-excited electrons; secondly, efficient scattering centers for enhanced light-harvesting
efficiency; and thirdly, a large surface area for photon excitation and dye adsorption. ZnO can
also be used to combine with TiO 2 for a core-shell structure for reduced recombination rates.
Various ZnO nanostructures were shown in Fig 4.10, showed the advantages of ease of
formation of different nanostructures for ZnO.
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Fig 4.10 various nanostructures of ZnO (a) nanoparticle, (b) nest-like nanoporous film, (c) network of nano terapods,
(d) nanosheet-assembled spheres, (e) nanowire array, (f) nanoflower film, (g) Dendritic ZnO nanowires, (h) ZnO
Aggregates, (j) core-shell structure with ZnO-nanowire core and TiO2 shell [105]
Ahn et al. reported the ZnO nanocoral structures for photo-electrochemical cells; the structure
can provide large surface areas and suitable electrical pathways for efficient carrier collection.
PEC devices made by the materials demonstrated significantly increased photo-response
compared to other nano-structured ZnO films. The processing of the film was also very easy,
which was a two-step process: the deposition of Zn metal films by RF magnetron sputtering
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followed by thermal oxidation at 500 C in a quartz tube furnace with flowing 02 [47]. Table 4.5
showed the summary of DSSCs based on ZnO nanostructures.
Structure
Nanoprticles
Nanoporous films
Narovres
Dendritic manowires
Nanowtrjna*noparice'
composae himsrn
Photosensit9er
N 719
N 719
N 3
heptamethine
Cyanie
unsymmetrical
s quearaine
eosinY '
scrifhavine
mercurochrome
N3
N719
N 719
D149
eostn-Y
eosn Y
N3
N719
Q7Is (Cdse)
N719
N719
Mercurochrome
Table 4.5 Summary of DSSCs based on ZnO nanostructures [105]
4.2.5 Other metal oxide photo-anodes
There are also other metal oxide semiconductors for PEC applications, both complex oxides and
composites, which include SrTiO 3 [14], ZnFe20 4 [133], TiO 2-SrTiO 3 [134], KTaO3, and BaTiO 3
[135], Y20 3:Eu3 [136], etc.
4.2.5.1 Other binary oxides
There are also some other binary oxides that can be used for photo-electrolysis other than those
discussed above. Table 4.6 provided a brief introduction of some other binary oxides; more
information could be accessed in the respective references.
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S/N Oxide Energy Comments References
semiconductor band-gap,
eV
1 SnO 2  3.5 Sb-doped single crystal samples used. Stable H2 and 02 194-195
evolution observed at Pt cathode and SnO 2 photo-anode
respectively.
2 NiO 3.47 A p-type semiconductor with indirect gap optical transition. 196-197
3 CdO -2.3 A n-type semiconductor. Interestingly, RuO2-modified 198
samples reduced the yield of 02 under irradiation.
4 PdO -0.8 A p-type semiconductor. Not stable under irradiation in the 199
HER regime.
5 Cu 2O 2.0-2.2 Claims of water splitting in powder suspensions challenged 200-201
by others (see text).
6 CuO 1.7 Not photo-electrochemically stable. 202,206
7 Bi2O3  2.8 Both doped and catalytically modified samples studied. 203-206
Table 4.6 Other Binary oxides that have been considered for the photo-electrolysis of water [83]
4.2.5.2 Perovskite titanates and related oxides
Perovskite have the general formula, ABX 3, with SrTiO 3 being a prototype. They contain a
framework structure containing corner-sharing TiO6 octahedral with the A cation in twelve-
coordinate interstices [182-183]. There are several hundreds oxides with this structure. Of these
oxides, SrTiO 3 is the most intensively studiee; Appendix F lists the studies on the photo-
electrochemical properties of SrTiO3. The studies also include structure exemplified by a variety
of distorted, non-cubic features in which the framework of TiO6 octahedral may be twisted, for
example, with Fe and F doping; its band gap can decrease from 3.2 eV to 2.8 eV [83], which is a
good approach for improving the energy conversion efficiency.
For example, SrTiO 3 has advantages in high mechanical strength and chemical stability with a
simple perovskite structure. N-type SrTiO3 could be produced by reducing it with H2 for 4h at
1050-1100 0C [14]. No external bias is needed for SrTO3 while sustained water splitting can be
achieved spontaneously. In a 9.5M NaOH electrolyte solution, oxygen evolution was observed
at the photo-anode. When a small bias was applied, photocurrent increased faster and more
sharply than that of TiO 2. The anodic photocurrent increases with increasing sunlight intensity
proportionally when the wavelength is smaller than 390 nm and a maximum photocurrent was
observed for k = 330 nm [41]. Mavroides et al [42] observed water splitting without bias with
irradiation energy of 3.8 eV in presence of 10 M NaOH electrolyte. Various transition metals
have also been doped into SrTiO 3 for extending the photo-response. The response to visible light
for water splitting has been found to decrease in the following order: Cr 3* > Co2+ > Ni2+ > Mg2+>
Rh3* [43]. Such photo-response can only be expected if the energy level of the Mn* is near the
top of the valence band; otherwise the photo-generated holes will not be able to reach the
semiconductor electrolyte interface [43, 44]. Appendix D lists out the recent development of
SrTiO 3 for PEC cell application.
Table 4.7 lists other ternary oxides with the general formula ABO 3, which have been studied
from a water photo-electrolysis perspective [83].
S/N Oxide Energy Comments References
bandgap, eV
1 FeTiO3 b 2.16 Unstable with leaching of iron observed during photo- 207
electrolysis.
2 YFeO 3  2.58 N-type semiconductor with an indirect optical transition. 208
3 LuRhO3  -2.2 Distorted perovskite structure with p-type semiconductor 209
behavior.
4 BaSnO3  -3.0 Estimated to be stable toward photoanodic decomposition 210
over a 0.4-14 pH range.
5 CaTiO3  -3.6 NA 210
6 KNbO 3  -3.1 See text 210
7 Ba 0.8 Ca0.2TiO3 -3.25 NA 210
8 KTaO3  -3.5 Optical to chemical conversion efficiency of- 6% reported. 211
See next Section.
9 CdSnO 3  1.77 Band-edges not suitably aligned for HER or OER. 212
10 LaRhO3  1.35 See above 212
11 NiTiO 3C -1.6 N-type semiconductor crystallizing in the illmenite 213-215
structure
12 LaMnO3  -1.1 A p-type semiconductor. 216-217
aNot all the oxides in this compilation have the peroveskite structure.bOther iron titanates: Fe 2TiO4 (Eg = 2.12 eV) and Fe2TiO5 (Eg = 2.18 eV) also examined.
cBand gap estimated for the transition from the mid-gap Ni> (3 d8) level to the conduction band. Compound can be
regarded as NiO doped TiO2.
Table 4.7 Other ternary oxides with the general formula ABOsa for water photo-electrolysis [83]
4.2.5.3 Tantalates and niobates
Niobium oxides were also considered and aimed at shrinking the large band gaps for improved
photo-response to a wider solar spectrum [83]. The perovskite KTaO3 as well as its Nb-
incorporated cousins were studied and compiled in Table 4.8.
S/N Compound A B Commnts References
formula Cation(s) Cation(s)
1 Ta 20 5  NA NA Both crystallized and mesoporous samples studied 220,221
2 ATaO3  Li, Na, K NA Excess alkali cation enhances catalytic activity. Co- 222-226
catalysts not found to be essential although NiO was
also used in addition in some studies.
3 A2M207a Sr NA Have layered perovskite structure. Samples with 218, 227-
both Ta and Nb also studied. Strontium niobate 229
compound is ferroelectric at room temperature.
In contrast, the tantalum analog is paramagnetic.
4 ANb2O6  Ni Co Zn NA See text 219,230
5 ATa20 6  Mg Ba Sr NA Orthorhombic structure used with NiO co-catalyst to 222,231
enhance photocatalyst activity.
6 A2BNbO6b Sr Fe NA 232
7 A2BNb2O9 Sr Fe NA 232
8 A4Nb 6017  K, Rb NA Perhaps the most studied of the niobates. NiO co- 233-237
catalyst used in some cases as was aqueous methanol
solution. Composites with CdS also studied.
9 AB 2Nb 3O10  K, Rb, Cs Ca Sr Pb Layered perovskite structure. 238-240
10 A2B2Ti3 _ K, Rb, Cs La Partial substitution of Ti with Nb leads to a decrease 241
xNbxOo in the negative charge density of the perovskite
sheets.
11 A3Ta 3Si 2Oi3  K NA Pillared structure with TaO6 pillars linked by Si 20 7  242
ditetrahedral units.
12 A2BTa5O, 5  K Ln Used with NiO co-catalyst. The Pr and Sm 243
compounds show high activity
13 ATaO4  In NA Crystallizes in the monoclinic wolframite- type 244
structure, like the FeNbO4 compound.
14 A2Nb40 1   Cs NA Structure consists of Nb0 6 and Nb0 4 octahedral 245
Belongs to the series AnMnO 3n+2 with A = Ca, Sr, La and M = Nb or Ti. The Sr 2Nb20 7 structure, for example, is the
reduced formula of Sr4Nb40 14 with n = 4 above.bThe Sri.9Fei.iNbO6 compound was also studied here.
Table 4.8 Studies on tantalate and niobate photocatalysts for the splitting of water [83]
4.2.5.4 Miscellaneous multinary oxides
The spinel structures with generic formulas, AB2 0 4 and A2MO 4 also have been studied for their
properties for water photo-electrolysis. The spinel structure is a large cube, 8 times larger than a
typical face-centered cube. ABO 2 structures were also considered, in which A is in linear
coordination and the B cation is in octahedral coordination with oxygen. Table 4.9 shows the
studies on some multinary oxides, complex oxides containing W and V were also accounted for.
Some complex oxides showed band gap shrinking phenomena, which is desired. Further research
is still needed for a systematic understanding of these materials [83].
S/N Oxides Eg, eV Comments Reference
1 Cd 2SnO 4, CdIn 2O4  2.12 (indirect), Found to be unsuitable as electrodes in 246
and Cd 2GeO 4  2.23 (forbidden) photoelectrolysis cells.
and 3.15 (indirect)
2 ZnFe20 4  NA HER observed by visible light irradiation of H2S 247
solution.
3 BiVO4  2.3 Ag+ used as electron scavenger and photocatalytic 248
OER observed.
4 Bi2 W20 9, Bi 2WO6  3.0, 2.8 and 3.1 Structure consists of perovskite slabs interleaved 249
and Bi3TiNbO9  with Bi2 0 2 layers.
5 AgVO 3, Ag4V20 7  NA Only Ag3VO 4 evolves 02 in aqueous 250
and Ag3VO 4  AgNO 3 solution (with Ag* as electron acceptor)
under visible light irradiation.
6 ACrO4  2.44 and The Sr compound shows much lower activity than 251
(A=Sr or Ba) 2.63 the Ba counterpart for HER in aqueous methanol.
7 CuMnO2  1.23 Photocatalytic HER observed in H2S medium. 252
8 PbWO4  NA Has tetragonal structure. Used with RuO2 co-catalyst 253
for water photo-splitting with an Hg-Xe lamp as
radiation source.
9 CuFeO2  NA Photo-catalytic water splitting observed under 254-256
visible light irradiation.
Table 4.9 Miscellaneous multinary oxides for the photodecomposition of water [83]
Besides, there are still hundreds of materials including nitrides, oxynitrides and oxysulfides
based semiconductor materials which could be used for water photo-electrolysis. For more
information on these materials, the reader is directed to examine reference you can first skim the
book [83], and then review the references therein for each material.
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Templated nanofabrication is applicable to many of the oxide semiconductors. CNTs (Carbon
nanotubes) have also been successfully used as templates for synthesis of oxide semiconductor
nanotubes. Ajayan et al. [50] synthesized V20 5 nanotubes by using partially oxidized CNTs as
template. Rao et al. [51-52] did a more systematic study on CNT templated oxide nanotubes. In
these experiments, acid-treated MWCNTs were coated with a suitable metal oxide precursor, and
then the carbon was removed by heating. . They have successfully fabricated a variety of oxide
nanotubes including A12 0 3, SiO 2, V2 05, MoO 3 and RuO2.
The various types of metal oxide semiconductors, hybrid structures and semiconductor
composites are still under intensive research in order to obtain higher energy conversion
efficiency, high stability and improved performance for PEC devices in order accelerate progress
and achieve early commercialization.
4.3 Some other photo-electrochemical systems
4.3.1 Suspended oxide semiconductor nano-particle systems
PEC cells initially described by Fujishima and Honda [55] evolve hydrogen and oxygen
separately, on the photo-cathode and anode respectively. This approach offers the advantage that
no gas separation is needed, but the efficiency suffers from the losses inherent in the transport of
the photo-generated electrons and H+ ions from anode to cathode. In 1977, Schrauzer and Guth
used a TiO2-based photo-catalyst to carry out water decomposition under UV light, resulting in
the simultaneous co-generation of hydrogen and oxygen [56]. Subsequently, several doped
TiO2's have been investigated for co-generation. The mechanism can be explained as follows:
each semiconductor particle behaves as its own electrochemical cell rather than a single
electrode-based electrochemical cell. The micro- to nano-system has a significant increase in
surface area, throughout either the liquid or vapor phase water splitting. Fig 4.11 (a) shows an
illustration of a semiconductor particle behaving as its own electrochemical cell for water
splitting; and Fig 4.11 (b) exhibits a PEC suspended nano-particle device in the form of spheres,
rods, belts, wires and tubes dispersed throughout aqueous solution. Under solar irradiation,
hydrogen and oxygen evolve from these small particles. In such configurations, a membrane is
placed atop the reaction vessel to separate H2 and 02.
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Fig 4.11 A schematic drawing of (a) a semiconductor particle behaving as its own electrochemical cell for water
splitting. (b) suspended nano-particles in the form of spheres, rods, belts, tubes or wires dispersed throughout some
water. [14]
Several modified TiO 2 based photo-catalysts in powder form, including Pt-TiO 2, Pt-RuO2-TiO 2,
Pt-SrTiO3, NiO-SrTiO 3, suspended or dispersed in aqueous solution for water splitting have been
studied [14]. There are yet no homogenous or heterogeneous photo-catalysts that have been
found suitable for stoichiometric water splitting to date [14]. It could be the future research trend
for better performance of PEC devices with rapidly development of nanotechnology.
4.3.2 Dye sensitized solar cells (DSSCs)
The dye-sensitized solar cell has advantages in high energy conversion efficiency by using cheap
materials. It usually consists of a photo active working electrode and a counter electrode
contacted by a liquid redox electrolyte. The main components in a DSSC are [14]:
" Working electrode: usually porous nano-structured TiO 2 attached to a conducting
substrate, which is usually fluorine-doped tin oxide (FTO).
* Counter electrode: usually highly conductive and catalytic substrate, with Pt or Au
coating.
* Light-absorbing layer with adsorbed sensitizing dye.
e Redox system: liquid electrolyte containing the redox couple, iodide/tri-iodide (I-/3).
Pt SnO2:FPorous TiO2  11] Dye+ ho Dye* (FTO)
[21 Dye*+T1io + Dye++TiO2(e)
1~ PJII~ 4 1/21 *'De /21-
Working Electrode Counter Electrode
(WE) (CE)
Fig 4.12 Schematic illustration of the electron flow in an operating DSC [14]
The working principle of such devices involves a series of important processes, including light
absorption, charge separation, charge collection, as shown in Fig 4.12, five key steps indicated in
the figure were involved in the operation of a DSSC [14]:
1. Dyes absorb photons and are excited under solar irradiation.
2. The adsorbed dye molecules inject electrons into the TiO 2 working electrode and thus
become oxidized.
3. Charge separation occurs across the semiconductor interface where an electron is located
in the TiO 2 and a hole is located in the oxidized dye molecule. The electrons then
percolate through the porous structure of TiO 2 and then go to the back contact of working
electrode, where charge collection and charge extraction occurs.
4. The extracted charge subsequently performs electrical work in the external circuit and
then returns to the counter electrode.
5. The redox electrolyte completes the circuit by reducing the oxidized dye.
The DSSC is used to capture sunlight and convert it to current, which then flow to the PEC cell
where water splitting occurs [93]. The DSSC itself is also a PEC system.
Chapter 5 Intellectual Property and Market analysis
5.1 Intellectual property study
Intellectual property assessment is very important for evaluation and application of a new
technology. Failing to study and identify existing intellectual property related to the new
technology limits the new technology from being implemented into the market. The study of IP
is important as it can protect the new technology by filing and avoid potential legal issues. This
section focuses on identifying the existing intellectual property that may possibly pose obstacles
to the technology discussed in the previous chapter.
A patent search was conducted to analyze the intellectual property status and applicability of the
PEC cells technology for hydrogen production. Patents were searched on Google Patent Search
(www.google.com/patents), the US Patent Office's website (www.uspto.gov) as well as
(http://www.freepatentsonline.com), via key words searching and classified patent searching.
More than 1,500 patents including issued and applications related to PEC cells in the areas of
material composition, structure or processing technique were found. These claims can be divided
into different categories, as shown in Table 5.1:
Selected patents related to PEC devices.
e Claims on material composition and structure
e Claims on material processing techniques
e Claims on PEC devices configurations
" Claims on PEC device manufacturing processes
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S/N Patent Descriptions
1 US2007034253 Claims on a manufacturing method for a semiconductor PEC cell of titanium oxide.(2007)
2 US2007235711 Claims on methods of reducing the band-gap of a metal oxide by alloying a binary oxide
(2007) with a Group VI element that is isovalent with oxygen.
3 US3925212 Claims on a PEC system for the cleavage of an electrolyte into hydrogen by light.(2005)
4 US2009194834 Claims on novel Photo-electrochemical devices and method using carbon nanotubes.(2009)
US2007000539 Claims on novel ruthenium complex photo-sensitizers and their use in dye sensitized
(2007) solar cells comprising nano-crystalline metal oxide film sensitized with these dyes.
6 US6664623 Claims on methods to implement sealing and electrical connections to single cell and(2002) multi-cell regenerative photoelectrical devices.
7 US6652904 Claims on methods to manufacture single cell and multi-cell regenerative photoelectrical(2002) devices.
8 W02009065180 Ciaims on non-metal doped metal oxide nanosheets and method of production thereof.(2009)
9 US2010133110 Cliams on catalytic materials, Photo-anodes and PEC cells for water electrolysis 
and
(2010) other electrical techniques.
10 WO2004025675 Claims on process for preparing nano-porous metal oxide semiconductor layers.
11 W02007015250 Claims on a two-step method for production of low temperature mechanically stable and(2007) electrically efficient nanoporous electrodes, in particular titania nanoporous electrodes.
12 W02006058254 Claims on mesoporous metal oxides and processes of making mesoporous metal oxides.(2006) Metal oxides and derivative oxides that may be prepared are the oxides of Ti, Zr, and Hf.
EP1 175938 Claims on photocatalytic film of iron oxide, electrode with such a photocatalytic film,13 EP1793 method of producing such films, PEC cell with the electrode and PEC system with the
cell, for the cleavage of water into hydrogen and oxygen.
14 EP2180539 Claims on novel materials comprising a solid support, linker arms and metal-organic(2010) complexes, and their use for the electrocatalytic production and oxidation of H2-
15 W02009002424 Claims on nano-engineered photo-electrode for PEC, PV and sensor applications.
16 W02005081326 Claims on a interconnected PEC Cell and system.(2005)
US20050166960 Claims on a particulate structure containing a carbon nanotube thus exhibiting improved17 (2005) electron-transferring property; improved electron-transferring property; improved
oxidation-reduction property amd improved reduction proper.
Claims on co-sensitizers that co-adsorb with a sensitizing dye to the surface of an
interconnected semiconductor oxide nanoparticle material increase the efficiency of
18 7,414,188 photovoltaic cells by improving their charge transfer efficiency and reducing the back
(2008) transfer of electrons from the interconnected semiconductor oxide nanoparticle material
to the sensitizing dye.
Claims on a new sealing process of a specific type of photovoltaic cells named dye-
19 W02010064213 sensitized solar cells. Currently, the sealing of these cells is made by means of a
(2010) polymer, which connects the two electrode substrates made of glass, isolating the cell's
inner content from the outside.
20 20070079870 Claims on photoelectrochemical cell with bipolar dye-sensitized electrodes for electron(2007) transfer.
Table 5.1 Selected PEC related patents for the four different types of claims [Scopus]
Michael GRATZEL and Ecole polytechnique federale de Lausanne Institute (EPFL) hold the
original photochemical dye-sensitized solar cell US Patents 4,927,721 (1988) and 5,084,365
(1990) [Scopus]. They also hold many other important patents related to materials compositions
and microstructures, materials processing techniques and PEC cells configurations, especially in
the field of the DSSCs. For example, (US Pat. 5441827) patented on a typical cell configuration,
which is a transparent regenerating photo-electrochemical cell, and another patent (US Pat.
4927721) 'PEC cells with polycrystalline metal oxide semiconductor layer covered by
monomolecular chromophore layer' claims on the materials structure.
Other patents held by some start-up companies, such as SORAA, INC hold (US Pat. 12482440)
"Selective area epitaxy growth method and structure (US Pat. 12490498) "Process for producing
hydrogen", are more application oriented, and concentrate on the structures of devices and
fabrication methods; few claims concern materials.
There are also many patents related to the applications of nano-technology for PEC devices,
mainly claims on materials compositions and structures. "Nanostructured Indium-Doped Iron
Oxide" (US Pat. 11681685) by Fred Ratel focused on improving the conversion efficiency by
band gap engineering of iron oxide as photo-anode. "Heteroporphyrin nanotubes and
composites" (US Pat. 7223474) by Sandia Corporation studied the photo-response of nanotube
structures for improved performance.
The new PEC cell technology introduced in the report has new features on materials
compositions and structures. The new technology has novel nanostructures for both photo-anode
and cathode. In summary, no severe barriers for the new technology were found and the
technology should be patentable and there should be no infringements with other intellectual
properties. To be cautious, appropriate interactions and negotiations with the existing patent
holders that are closely related to the new technology may be needed.
5.2 Market analysis for hydrogen
Hydrogen has a wide range of applications including fertilizer production, mining, fuel cells
operations, transportation and infrastructure, etc, as illustrated in Fig 5.1. Table 5.2 also provides
some basic information for various industries utilizing hydrogen [163].
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Fig 5.1 Illustration of Hydrogen economy [59]
Table 5.2 Markets for Hydrogen [163]
Market Product Oxygen Heat Exist Specfic User Size Stedy &Distribution
Refineries Liquid No Maybe Yes No Large Yes NoFuel
Heavy oil and Tar Liquid Maybe Yes Yes Yes Large Yes No
Sands Fuel _____
Coal Liquid Yes Yes Yes Yes Large Yes No
Liquefaction Fuel ____________________
Atmospheric Liquid No Maybe No No Large Yes NoLiquid Fuels Fuel _____
Biomass Fuel Liquid No Maybe No Yes Medium Maybe YesFuel _____
Carbon Dioxide Liquid No No No Yes Medium Yes Limited
Recycle Fuel Fuel Distribution
Chemical Chemicals No Maybe Yes No Variable Yes No
Peak electricity Peak
nuclear system Electricity Yes Maybe No Yes Large Yes Storage
Iron Iron No Yes Yes Yes Large Yes No
Aircraft H2 Fuel No No No Yes Medium No Yes
Hydrogen Direct H2 Fuel No No No Yes Small; Large No Yes
Transportation m IIII _ I in future
The market size for the hydrogen economy reached $135 billion in 2004 globally. And in terms
of production volume, the annual production volume of hydrogen was around 11 million metric
tons for the US market in 2004. After realization of hydrogen driven vehicles, the market
demand of hydrogen would go up to 130 million metric tons for the US market per year, which is
around 11 times higher than current market demand [57-58]. Table 5.3 lists the commercial H2
production volume in 2002.
Currently, PEC cells produced hydrogen is mainly for hydrogen fuel cell applications, especially
for portable fueling systems as PEC cells can provide an independent and convenient energy
system. For the market size of the fuel cell industry, it is around $1.5 Billion in 2008 and has a
high growth rate of around 10% annually; the portable fueling system has a market size of $81.3
million per year [59]. Table 5.4 showed the market of hydrogen related devices showing a very
rapid growth rate of 15.8% annually through 2003-2008 [165].
Worldwide Sources of Commercial Hydrogen 2002
Origin Amount M billions Nin' per year Percent
Natural Gas 240 48
Oil 150 30
Coal 90 18
Elgctrolysis .. 20 4
Table 5.3 Worldwide Sources of Commercial Hydrogen 2002 [164]
iYear 2000 2001 2002 2003 2008 AAGR % for 2003-20108
Total 216 243.5 298.9 702.2 1462.1 15.8
Table 5.4 Global hydrogen generations, storage and delivery device value by energy application, through 2008 [165]
The energy demand will increase from 13.5 TW in 2008 to 40.5 TW in 2050 [60]. The future
hydrogen demand will increase significantly due to two emergent issues of energy crisis and
global warming. The hydrogen production from solar energy is the most clean, sustainable and
widespread way for addressing the issues. Hydrogen will be a dominant energy carrier at around
2050 according to the prediction on energy development by the Department of Energy [61]. Fig
5.2 shows the hydrogen market demand prediction or forecasting for the 21st century compared
with other energy alternatives, the figure shows the hydrogen is the most demanding one.
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Fig 5.2 World market shares for aggregate electricity generation technologies
the B 1-H2 scenario [60].
in the years 2020, 2050 and 2100 in
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Chapter 6 Case study: Commercialization of a PEC device
In this chapter, a new start-up PEC cell technology company (hereinafter referred to as ABC
Company) located in Singapore is assumed. ABC Company has the vision in incorporating
nanotechnology to provide clean and efficient energy solutions for sustainable development in
supporting global energy demand and green environment. ABC Company would be
implementing a Nanostructured Photo-electrochemical Cell product to develop for new solar
applications and the hydrogen economy in several industries. The primary target market will be:
1. Fuel cell companies who produce portable hydrogen fuel cell systems for portable
consumer electronics.
2. Off-grid military and public facilities with government subsidy.
3. Small hydrogen fueling station and small stationary power generation plant for isolated
locations and communities.
ABC Company would assess the technology and product design, supply chain and quality
assurance, competition analysis, intellectual property, cost modeling and business strategies.
According to the review study written by J. Nowotny et. al. [31], there are two issues that need to
be addressed in order to achieve commercialization of solar-hydrogen technology.
* Energy conversion efficiency, ECE.
" Extended lifetime of the photo-electrode.
According to US Department of Energy, the ECE benchmark is 10% [62]. Fig 6.1 shows these
two critical parameters in the form of a continuous heavy line, termed as the commercial
viability line. The lifetime of the TiO2-based photo-electrodes, shown in Fig 6.1, was estimated
to be -5 years, and TiO2 is free of corrosion and photo-corrosion in water for much longer [63].
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Fig 6.1 Schematic representation of the critical requirement for the solar-hydrogen technology to be commercially
viable in terms of ECE and the life time of photo-electrode [31]
6.1 Product
6. 1.1 Product offerings
The key product features available to the customers must include:
" Non-toxic and biocompatible materials (TiO2) which comply with the high standards of
healthcare products.
* Highly stable and durable over a wide range of temperature and environment.
*Light weight and easy to use.
* For portable electronics applications, the service warranty should be at least one year, the
designed life-span should be at least 10 years for energy facilities and plants.
* Optional module size, customer-oriented and customized product.
eProvide the 7 days x 24 hours energy solutions.
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6.1.2 Integrated PEC technology
The ABC Company PEC technology is illustrated in Fig 6.2. This cell consists of nano-
structured arrays of anodes and cathodes, oxidation and reduction catalysts, and a central
conductive membrane that allows for ion exchange. It is a BPEC device, as shown in Fig 6.3;
both electrodes are made of nano-structured oxide semiconductors. Six key elements are
illustrated in Fig 6.2 and the explanation for each component is [63-66, 172]:
Photoanode for water oxidation
(C-doped TiO2 nanotubes) e
Wafer-Splitting Membrane
h tl Tsparmeyt
betweeWirmArrays A - dgpugM
PEs surface chemistry
/ '" "4
e ? i
Pt-nanoparticles/TiO2Cathode
Light-material interaction
the morphology, dielectric structure, and
electronic properties has very important
influences on efficiency
Fig 6.2 Illustration of the six key elements for a PEC cell [1, 63]
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H2 0 + 2h*-- 2H+ + '<Ok ,
Fig 6.3 Bi-photoelectrochemical cell (BPEC) equipped with dual photo-electrodes for water photoelectrolysis [31]
* Photo-anode for water oxidation
The main materials requirements were identified in the above. The most widely studied photo-
anode materials are TiO2, W0 3 and Fe 2O3. TiO 2 has been the most extensively investigated
materials for photo-electrochemical and photo-catalytic applications given its excellent chemical
stability; its low cost and wide availability. But TiO2 only absorb UV light as it has a band gap of
3.2 eV, which makes it a poor light absorber. Many researches have been carried out for
adjusting the band gap in order to have wider range absorption of spectrum [67].
Two approaches are generally conducted in addressing the issues, (1) fabrication of nano-
structured photo-anodes that efficiently collect photo-generated charge carriers. The
nanostructure with high aspect ratio usually can help to achieve the goal, e.g. nanowires,
nanotubes etc. and (2) modification of the band gap of these materials for better absorption of the
blue and green portions of the solar spectrum, carbon and nitride are widely used dopants in
band-gap engineering.
Here we use C-doped TiO 2 nanotubes with a diameter range of 30 - 150 nm and a length rage of
0.4 - 15 pm (high respect ratio) features allow for higher conversion efficiency. The high aspect-
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ratio structure provides extensive light scattering and enhanced absorption efficiency with
minimized chances of trapping and recombination [172].
** Photo-cathode Arrays
The photocathode is usually comprised of noble metals, for example, Pt and Au, which are
relatively expensive and may not be suitable for wide range industrial applications. Here we use
Pt nano-particles with size ~10 nm on TiO2 nanotubes as the photocathode.
For future large-scale commercialization of PEC cells, silicon may be a promising photocathode
material for PEC cells as it is earth abundant, has band edges that span the hydrogen redox
potential, and is relatively stable in aqueous conditions. Arrays of highly structured VLS-grown
Si wires have two advantages [69]. First, the incident light can be absorbed along the vertical
length of the wire, while the minority charge carriers need to diffuse only a short distance to be
collected horizontally at a radial junction. This way the capture efficiency of photo-generated
carriers could be much enhanced. Second, the high surface areas of these wire arrays relax
catalytic activity requirements and open the door for the use of inexpensive, earth-abundant
catalysts.
* Water-splitting membrane
The membrane serves several important functions for the device to split water sustainably. It
provides structural support for the wire arrays; separates the gaseous hydrogen and oxygen
products, enables an ohmic conduction path for electrons between the anode and cathode, and
acts as an ion-exchange medium for the protons involved in the electrochemical reaction, while
being optically transparent enough to ensure that light is effectively absorbed by both electrodes.
It is like the proton exchange membrane fuel cell operating in reverse.
The material, Nafion that is perfluorosulphonic acid polytetrafluoroethylene copolymer, is
widely available and used for the water-splitting membrane [70].
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* Hydrogen evolution catalysis
Most semiconductor surfaces are poor catalysts for the hydrogen evolution reaction (HER).
Semiconductor water-splitting devices generally require a chemically distinct catalyst species in
order to promote the hydrogen evolution. In the proposed product, we plan to use Pt nano-
particles as the catalyst because it shows very good catalytic properties, has been intensively
studied and can provide stable and good catalytic performance. However in the long-term, it may
not be desirable for use in a low-cost system. Inexpensive transition metals, like Fe, Ni and Co,
have potential applications in the future as the catalyst for HER in the form of various complexes
[71].
Complexes of Co(I/II) and Ni(0/II) derived from organic ligands have shown great promise in
recent years [72]. Such transition metal complexes have access to a wide variety of oxidation
states that can both assist in electron transfer from any electrode surface and participate
mechanistically in the catalytic cycle of H2 production. Further research efforts should be applied
to this field for better and inexpensive catalysts.
*. Electrode surface chemistry
The stability of the electrode surface in air or liquids has a great impact on the efficiency and
performance of PEC cells. The surface chemistry should be studied for better performance for
the water-splitting devices. First, modify surfaces to reduce the degree of surface oxidation with
chemically stable species. Second, Use surface functionalization to modify photo-
electrochemical device energetics. Third, leverage our new surface functionality to covalently
attach catalysts for reactions such as hydrogen production [73].
** Light-material interactions
The objective for studying the light-material interactions is to design, fabricate and characterize
the morphology, complex dielectric structure, and electronic properties of matter so as to sculpt
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the flow of sunlight and heat, enabling light conversion to electrical and chemical energy with
unprecedented efficiency.
6.1.3 Product concept
The product concept is derived from the power park concept, which is shown in the following
figure, the hydrogen is produced from solar energy, and then the hydrogen is stored and
transported. When electricity is needed to power up lighting or electronics devices, a hydrogen
fuel cell is used to convert the hydrogen to electricity by reaction with oxygen.
IN Iillme Iiii
O HydOgen Hydrogen
(A) (B)
Fig 6.4 Illustration of the power park concept (A) PV system [74]; (B) PEC system [177]
Based on this concept, three product concepts were developed with different coverage of the
value chain in the power park concept. The first product concept is large-scale PEC cells used for
industries with large hydrogen consumptions, for example, mining, and the fertilizer industry.
The second concept is that production and integration of PEC cells and hydrogen storage
devices, with the major potential customers being hydrogen fuel station, hydrogen-driven
vehicles, etc. The third product concept is full integration of the system, i.e., integrating the PEC
cells, hydrogen storage devices and fuel cells into one system, The system would be an
independent energy system, and the future potential applications for the system could be very
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broad, from supporting a very large-scale city power grid meshwork to small-scale portable
energy systems for consumer electronics, etc.
The report will mainly focus on the first product concept, the manufacturing of the PEC cells
only. First, there are still many technological difficulties for the integration of the whole power
park system. Another reason is that the market size for the second and third product concepts are
still very small as the device price would initially be very high for such integrated energy
systems.
6.1.4 Product design
The Product design is based on the paper [172, 63]; a BPEC model is used, as shown in Fig 6.5.
6.1.4.1 Some Assumptions for the product design and the cost model:
e The PEC cell is designed with surface area of 1 x1 cm 2 to 1Ox10 cm2 and 10 ptm in
thickness [167]
* The substrate for the device is composed of TCO glass substrate, 1.1 mm thick alumino-
borosilicate glass, coated on one side with fluorine doped tin oxide (SnO2 : F) layer (FTO
glass). The sheet resistance would be around ~10 0/square and its optical transmission >
80% from 500 - 800 nm [37]
* The photoanode is made of carbon-doped titania nanotubular arrays prepared by the
sono-electrochemical anodization technique. The diameter of the TiO2 nanotubes will be
in the range of 30-150 nm and a length range of 0.4 to 15 tm [172]
" The photocathode is composed of platinum nano-particles (- 10nm in size) deposited
onto undoped titania nanotubular arrays Pt/TiO2 [172]
* The Fresnel lens for light concentration and self-rotation jigs are installed with high
compatibility with the device
* The electrolyte is 1 M KOH solution with Ag/AgCl reference electrode
* Nafion serves as the membrane [168]
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e The sunlight to hydrogen conversion efficiency is assumed to be 10% under AM1.5
illumination (1000 W/m2)
* The useful life is 10 years
TiO2-X
Pt Nano IpartIcles Nanotibular Airays
on Tit),, Nanotubilar Arays
Cathlod e Soti A
Fig 6.5 Schematic of the photoelectrolytic cell designed for the generation of hydrogen using a light source (UV +
visible). The anode is carbon-doped titania nanotubular arrays prepared by the sonoelectrochemical anodization
technique, and the cathode is platinum nanoparticles synthesized on undoped titania nanotubular arrays [172].
6.1.4.2 Manufacturing of the BPEC devices [172]:
Nanotubular TiO2 arrays are formed by anodization of Ti foils (ESPI) in electrolytic solution
using ultrasonic waves (100 W, 42 kHz, Branson 2510R-MT). Water (10 wt %), ammonium
fluoride (NH4F, 0.5 wt %, Fischer), and ethylene glycol (Fischer) are mixed together thoroughly
and used as the electrolytic solution (pH) 6.6-6.7.
The cathode is prepared by synthesizing Pt-nanoparticles on TiO2 nanotube arrays (Pt/TiO2) by
the incipient wetness method. For this purpose, TiO2 nanotubular arrays are prepared by the
sono-electrochemical anodization method using an aqueous solution ((pH) 2.1-2.2) of 0.5 M
phosphoric acid (H3P0 4, Sigma-Aldrich) and 0.14 M sodium fluoride (NaF, Fischer) solution.
The anodization is done for 30 minutes. The TiO2 nanotubes are then kept for activation (to
remove adsorbed moisture and atmospheric gases) in an air oven at 130 'C for 12 hours. A
diluted solution of chloro-platinic acid (H2PtCi6, 8 wt % in water; Sigma-Aldrich) is added to the
110
pre-activated titania nanotubular arrays. This is then dried under a vacuum overnight. The
reduction of the platinum salt into Pt(0) is carried out in a furnace at 500 OC for 2 hours under
reducing (10% H2 in argon) atmosphere [172].
6.1.4.3 Reactor design
The Bi-photoelectrochemical cell (BPEC) is designed for higher performance. The C-doped n-
type TiO2 nanotube is used as the photoanode and platinum nano-particles on undoped titania
nanotubular Pt/TiO 2 arrays with high aspect ratio are used for the photo-cathode. Metal
substrates can be used and both PEs are deposited on the surface of a metal substrate to eliminate
tedious wiring. A special membrane, Nafion, obtains an ion exchange route and compartments
separation. A thin insulating layer should be coated on the backside of the metal substrate to
avoid current leakage to the electrolyte. A divider along the length of the middle of the two PEs
is used to separate them into two compartments, hence separating the evolved H2 and 02. A light
concentrating optical window (Fresnel lens) is used to obtain higher density of sunlight, hence
higher energy conversion efficiency. The reactor design is illustrated as Fig 6.6.
Fig 6.6 The design of BPEC reactor [92]
6.2 Supply chain and competition analysis
6.2.1 Supply chain and its management
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Companies providing devices for solar energy applications strive to participate in more than one
sector of the production process. Raw materials manufacturing, cell production and modules
assembly are also very profitable [83]. The global markets are still growing at a very high rate as
the energy demand is increasing due to increasing population and economic development.
ABC Company will enter the rapidly developing solar and hydrogen energy industry as a device
fabrication enterprise with strong technology and development. It will also offer the state-of-the-
art technology and device configuration design. PEC cells produced by ABC Company can
provide the 7 day x 24 hour energy solutions, an advantage over conventional PV cells.
The supply chain for the PEC cells is illustrated in Fig 6.7; there are five sub-chains for the total
value chain. The five sub chains include raw materials supplier, technology and development,
PEC cell production and distribution, module integration and end-customers. As mentioned
previously, ABC Company will focus on PEC cell fabrication as well as technology and
development. Depending on the end-user, the PEC cells have different market segmentations:
large scale PEC cell systems could be applied for direct hydrogen production for mining
industry, fertilizer industry, while for fuel cell industry, modules with storage devices and fuel
cells could be assembled for portable fueling systems.
Fig 6.7 Illustration of supply chain for PEC cells
The supply chain management plays an important role in business efficiency and determines the
success of the innovation and commercialization to some degree. In this project, quality, delivery
and price are considered as the three critical factors for evaluating the process of innovation and
commercialization, as shown in Fig 6.8. The innovation elements including technology
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development, product concept and design, intellectual property etc.. They are then interacted
with commercialization elements including financing, market analysis and strategies and human
resources. The interactions and performances are evaluated by the three following criteria.
. To ensure the high quality of raw materials, production process as well as each step of the
innovation and commercialization process.
. To provide the adequate delivery system for product distribution, product supply, market
response, process feedback and improvements.
. To build up a competitive price for product, ensure a good financing situation.
Fig 6.8 Supply chain management for PEC cells production
6.2.2 Competitor analysis
There are two strong direct competitors for ABC Company:
1. Hydrogen Solar [177] uses well-established science and low cost materials, the
company's Tandem CelTM can split water directly into pure hydrogen fuel and oxygen
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without external power requirements. The Cells are built into arrays, which are of
modular design such that installations are scalable to applications of any size. Its research
team is leaded by Prof. Michael Graetzel, head of photochemistry at the Swiss Federal
University of Technology in Lausanne (EPFL); he is a world-renowned expert in the
application of nanotechnology to photovoltaic devices.
2. E.ON Energie AG [180]. Headquartered in Munich, E.ON Energie is Europe's largest
privately owned provider of energy services. It has high market share in renewable
energies and solar-hydrogen, which is founded in 2002. And it offers PV cells and
electrolyzer for producing hydrogen. Appendix E also lists out the major PV companies
globally.
6.3 Cost Model
6.3.1 Cost Model approach
In this report, the cost model is performed based on laboratory technique from technical papers
published in international journals [172]. They are not necessarily the optimized techniques for
the most cost-effective technique for producing PEC cells. Nevertheless, the cost figure can still
provide a guide on the continual optimization in cost, reliability and fabrication technique in the
future. The actual cost would probability cut down due to economics of scale and the actual cost
analysis should be done in more detail and consider more factors.
The cost model is designed to take into account initial equipment and building costs and variable
materials and labor costs, etc., which is a quick and rough analysis [101]. Fig 6.9 shows a good
approach for techno-economical analysis of solar-hydrogen production. The procedures are
described in the flowchart. The analysis method can provide more detailed information and more
reliable data. But it could be very tedious. For example, when calculating the cost of hydrogen,
the widely accepted cost modeling for hydrogen cost is H2A spreadsheet [100] developed by US
Department of Energy.
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Define PEC
material and
performance
ranges
Brainstorm PEC
device and/or
reactor types
Develop bill of materials
(BOM) and capital costs
Calculate levelized H2 cost
using H2A spreadsheet
Downselect PEC reactor on
the basis of cost and
performance
Design auxiliary systems and
conceptual plant
(used modular approach)
Perform sensitivity
analysis
Fig 6.9 A good approach of techno-economical analysis of solar-hydrogen production [99]
6.3.2 Cost analysis
The materials and their prices involved in the PEC cells are listed in Fig 6.10. The fabrication
methods and processes of each component were discussed in the section on "product design".
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Fig 6.10 Materials cost for fabricating one square meter PEC cells
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The summary for the fabrication cost of one square meter is shown in Table 6.1 [174-176]. From
the analysis of the cost model: materials cost is the most important cost driver, which absorbed
more than 75% of total cost. This is due to the high price of the laboratory grade materials, as
illustrated in Fig 6.9 and Table 6.1.
Table 6.1 Cost summary for fabrication of one square meter
Fig 6.11 shows the value of every cost element for producing 1 m2 PEC cell. The results show
that the materials cost is $2812.68/M2 and the total cost is $3706.47/M2.
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Cost elements per m2
$3,000.00
$2,500.00
$1,500.00 - -- . -.-.2,0
$ 1 ,0 0 0 .0 0 ...-...-..- -
$500.00
$0.00 - - ----
$0.0 -..- IMain Fixed Auxiliary -
Materials Labor Energy Overhead Building Maintena
Cost Cost Cost McieCs ntCost nce CostCost Cost nt Cost
U Series1 $2,812.68 $181.67 $4.80 $258.60 $132.94 $50.00 $186.32 $79.46
Fig 6.11 The cost analysis for a PEC cell per square meter.
The cost reduction could be achieved by two approaches. One is that cheaper and efficient
materials would be discovered with the development of technology. The other approach is that
the effect of economies of scale could help to reduce the cost further with large-scale mass
production.
Table 6.2 lists the calculated cost per kWh for the cell and hydrogen cost per GGE (Gallon of
Gasoline Equivalent); the analysis shows a cost of $1.02/kWh and $40.01/GGE for the lab
device. According to Dyesol, compared to Lab grade/research grade, volume pricing should be
around 10-20% of the former [173]. Thus the practical cost for a PEC cell is projected to be $4-
8/GGE, which is comparable to the cost of $ 9.5/GGE for solar hydrogen currently [30, 99]. The
price is still much higher than the price of gasoline, which is around $1.50/gallon. Further cost
reduction for solar-hydrogen production is needed in order to achieve large-scale
commercialization, in large part, by increasing energy conversion efficiency and the service life
of the PEC systems. The commercial hydrogen price is around $ 2.70/GGE [30].
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Energy output in total life (kWh) 3650
Energy Hydrogen /kg (kWh) 39.4 [181]
Total hydrogen produced 92.64
Cost of cell per m2 (US$) 3706.47
Cost of per kWh (US$) 1.02
H2 cost per GGE (US$) 40.01
Practical cost per GGE (US$) (10%-20%) 4.00-8.00
Table 6.2 The cost of hydrogen per GEE (Gallon of Gasoline Equivalent) [Appendix F]
6.3.3 Cost comparisons
In terms of installation costs, three potential energy plants for future development were
considered. The PEC cell plant has the highest installation cost and is around two times higher
than wind and nuclear plants [7]. The high installation costs are due to the high materials cost of
PEC cells and relatively low efficiency of conversion. But PEC cell plants have the advantages
of cleanliness and sustainability. With the development of the technology, the materials cost
would be reduced significantly and the conversion efficiency increased. The two approaches
would work together to make the PEC cells more and more cost-effective.
Fig 6.12 Cost comparisons for the installation cost per kW [79]
In terms of cost of energy output per kWh, PEC cells still have the highest cost currently as
shown in table 6.3. The cost of PEC was calculated based on the data in Table 6.2, $1.20 with
+20% tolerance. With the technology still in the initial stage of development and the high-grade
materials cost high, the initial cost is also high. With improvements in materials, process and
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integration technologies, the cost should drop. The lowest health/environmental cost shows the
potential applications and research incentives for future development.
Nuclear 10.0-15.0 2.9 12.9-17.9
Coal 6.0-8.3 0.2 9.2-11.2
Gas 4.0-6.0 1 5.0-7.0
Solar 20.0-45.0 0.04 20.04-45.04
Wind 5.0-12.0 0.07 5.07-12.07
PEC 84.6 -121.8 0.04 84.64-121.84
Table 6.3 Cost of energy per kWh for various plants [80]
6.3.4 Techno-economics analysis of PEC by other authors
Here are the techno-economic analyses on PEC system produced hydrogen by some other
authors:
An economic analysis for PEC system with PV/electrolysis was performed by ref [270] as the
reference situation. It was predicted that the efficiencies and costs for PEC systems should be in
the range of 15-20% at a reactor cost of $150/m 2 in order to be economically viable. In the
review paper of Bolton [271], a 10% solar-to-hydrogen efficiency and a market price of $0.25/M 3
were assumed, and the economic analysis showed that the maximum capital cost for the reactor
was $165/m 2.
Mann's analysis [272] showed that in order to obtain the economically viability of the PEC for
the year 2020, an efficiency of 14% and $120 for photo-catalyst and membrane material per m2
area should be obtained.
Spoelstra [273] reported a techno-economic analysis of PEC systems. The evaluation showed
that the PEC systems cannot compete on the price of hydrogen produced from conventional
steam reforming nor from the other renewable ways such as Wind- or PV/electrolysis. The
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situation remains valid even for the year 2020 based on the analysis. The assumed conversion
2efficiency ranged from 4 to 8% and investment costs ranged from $100 to $300 per m . And the
evaluation projected that in order to be economic competitive for PEC cells, a conversion
efficiencies that are much higher than 8% and investment costs lower than $100 m2 for the PEC
cells should be obtained.
Compared these techno-economic analysis to the evaluation done in the report, the PEC reactors
costs for ABC Company is still very high (~ 370 -740 / m2) at the 10% conversion efficiency.
Therefore the future research efforts should focus towards the approach on lowering the
materials costs and fabrication costs.
6.4 Target market and the analysis
ABC Company's PEC cell system has advantages in portability, small scale and less
maintenance and equipment required, thus ABC Company's product will focus on the following
niche markets, which are less sensitive to the high cost:
1. Fuel cell companies who produce portable hydrogen fuel cell systems for portable
consumer electronics.
2. Off-grid military and public facilities with government subsidy.
3. Small hydrogen fueling station and small stationary power generation plant for isolated
locations and communities.
According to ref{263], there are about 3870 organizations are involved in fuel cells, hydrogen
energy and related nanotechnology and the market size is around $8.4 billion In 2008. The
market is expected to increase to $14 billion by 2014. Appendix G lists the institutes that are
focusing on the PEC cell and solar energy storage researching and technologies.
0 Portable fueling system.
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Portable fuel cell as a viable and cost-effectively means of providing green, reliable power for
portable power applications ranging from consumer electronics to communications. According to
a recent report from Pike Research [264], the global market for portable fuel cell will increase
from 4$185 million in 2009 to 4$2.3 billion by 2016, as shown in the following Fig 6.13 [264].
Chart 1.1 Sub-7 kW Fuel Cell Industry Total Revenue, World Markets: 2008-2017
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Fig 6.13 Fuel cell world market projections from 2008-2017 [264]
Global demand for hydrogen is forecast to expand 3.5 percent per annum through 2013 to 478
billion cubic meters. In value temns, this represents $29.3 billion in captive consumption and
$20.8 billion in merchant gas [265]. Fig 6.14 shows the merchant hydrogen market for different
applications, there is around 0.1% merchant hydrogen that is used for fuel cell, therefore the
hydrogen market for fuel cell is projected as 20.8 million for the commercial portable fueling
systems.
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Fig 6.14 Merchant hydrogen market for different applications [265]
Energy plant for rural areas and isolated communities. Off-grid power plant for military
and public facilities with government subsidy.
The solar-hydrogen economy is theoretically suitable for powering for the rural areas and
isolated communities. But the currently high cost of the PEC technology could be the biggest
hurdle for this market segmentation, as this market is primarily located in developing countries.
The market of off-grid power plant for military and public facilities with government subsidy is
unstable, unclear and with high fluctuations.
0 Hydrogen fueling stations for early test.
It is estimated the fuel cell vehicles are not expected to be mass produced before 2015; currently
the manufactures only produce about 100 fuel cell vehicles a year for fleet demonstrations [263].
Hydrogen fueling stations for these vehicles continues at a rate of about two to four a month
worldwide [266]. In terms of production volume, the hydrogen demand is around 11 metric tons
for the US in 2004, and it is estimated that the demand would increase to ~130 metric tons after
the realization of hydrogen driven vehicles, more than 10 times increases in the hydrogen
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demand [30]. More than $500 billion worth of hydrogen fueling stations will eventually be
needed to compete with the world-wide gasoline infrastructure [263].
6.5 Business strategy
It is very important to generate revenue as soon as possible to help achieve positive cash flow,
especially for start-ups. Patent creation and portfolio licensing will definitely help ABC
Company to have a better potential for continuous advancement in technology and development
in the PEC industry. There are many wafer fabs and PV industries located in Singapore; thus it is
essential for ABC Company to take advantage and actively form partnerships with relevant
government departments, institutes, universities and network with related industries to seek
opportunities for capitalization or joint venture. Win-win relationships with partners that have
the manufacturing capacity, capital, and distribution network is valuable for the ABC Company
as would leveraging patents could be an option for the growth of ABC. ABC could also consider
manufacturing its own PEC cells while being open to license to other solar-cell makers, such as
REC Inc and SunTech Inc.
ABC Company could also actively seek projects that involve government subsidies for off-grid
Power Park facilities. The Singapore government is encouraging the development of renewable
energy. ABC Company could also plan to take the advantage of its position as a T&D start-up
company to tap into Singapore's S$50 million Technology Enterprise Commercialization
Scheme (TECS) [75]. This scheme provides the vital resources including up to S$ 500,000 for
each project to help convert T&D breakthrough and proprietary patents into promising
businesses [36]. There is also another way for financing: the S$ 50M Clean Energy Research
Programme (CERP) aims to accelerate research and development efforts and would provide
grants to share projects costs including manpower, materials and equipment investment, training
and education, etc [76].
The power park concept will be used for future smart building [83]. Thus glass applications for
commercial, residential and industrial buildings could be large for long-term and logical markets
for PEC cells, and especially DSSC based PEC cells. More than 50% of all PV panels produced
123
are integrated into buildings, which can be used to replace conventional building materials in
parts of the building envelope such as the roof, skylights, or facades [261], and the number is
expected to be higher in built-up tropical countries [79]. Singapore plays a role as the leading
technological hub in South East Asia (SEA); therefore ABC Company should actively participate
in the Solar Program in the region, either in cooperation with government and other companies.
One example is that China and Singapore have signed a Framework Agreement to cooperate in
developing an eco-city in Tianjin over the next 15 years [85]. ABC Company should seek the
opportunity to participate in such a program and build up a powerful virtual marketing network.
6.6 Summary for the case study
From the thorough analysis on the solar-hydrogen economy and the studies on a series of articles
related to the conversion and storage of solar energy, the general impression is that the best
systems at present for PEC application are still in the early R&D stage. Large-scale commercial
application of solar-hydrogen is not to be expected on the short-term and only in niches of the
energy market on the long term.
Based on the cost modeling, ABC Company's PEC cell system can produce the hydrogen at a
cost of around $ 4-8/GGE, which is higher than the price of commercial steam reformed
hydrogen ~$2.70/GGE. The target market for ABC Company is also not clear and stable enough
now.
In summary, the solar-hydrogen has a much higher price than the commercial steam reforming
hydrogen. The ABC Company's PEC cell system has a limited and not clear market. Therefore it
may not be a good time for the investment for PEC cell system for hydrogen production. The
PEC technology should be in continuous development in order to obtain suitable materials with
higher efficiency, less cost and longer servicing life.
6.7 PEC cell prospects
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Innovation and commercialization of PEC cells will have a long way to go for the full realization
of cost-effective energy systems, not only the technology barriers but also the infrastructure.
With respect to the technology revolution of the hydrogen economy shown in Fig 6.15, we are
still at a very early stage of the technology. Continuous development of technology and
applications of PEC cells, hydrogen storage and transportation and fuel cells will promote the
rapid development and earlier realization of the hydrogen economy.
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Fig 6.15 Technology evolution of PEC cells [61]
The development of hydrogen economy will require strong support from government initiatives.
And with the trend of globalization, the close cooperation in technology, applications and
intellectual property among different countries, universities and institutions will be more and
more important. The complementary technologies, including hydrogen storage and transportation
will also need to be considered for higher efficiency.
There are several major challenges for materials scientists that should be solved in order to
establish the solar-hydrogen economy including:
" Poor matching of semiconductor band-gap with solar spectrum.
" Instability of the semiconductor in the aqueous phase.
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e Energetic mismatch between the semiconductor band-gap and the reactions of interest.
* Poor kinetics of the electrode reactions.
Here are some expert opinions about the solar-hydrogen economy:
John Turner, who is a senior scientist at the National Renewable Energy Laboratory (NREL) in
Golden, USA, involved in the development of the PEC devices. The following information was
received for his opinions about the solar-hydrogen system.
'Since current commercial electrolyzers suffer from high capital costs, they are a major
contributor to the cost of electrolytically produced hydrogen. Combining the electrolyzer with
the PV system eliminates one of the high cost components of a PV-hydrogen generation system.
This type of monolithic system also reduces semiconductor processing since surface contacts,
interconnects and wiring are no longer necessary. This configuration requires only the piping
necessary for the transport of hydrogen to an external storage system or gas pipeline. While the
cost of a working photo-electrolysis system may be less than that of a corresponding
PV/electrolysis system, it will still be 3-4 times more expensive than hydrogen generated via
steam reforming of natural gas.
In conclusion - the hype of the solar-hydrogen economy:
The splitting of water using a semiconductor immersed into an aqueous solution has been termed
the 'Holy Grail of Photo-electrochemistry'. Many photo-electrochemical systems have shown the
ability to use sunlight to split water into hydrogen and oxygen, however, none to this point have
done it with an efficiency as high as 12.4%. The promise of their device is that it shows us that it
is possible to take two of our most abundant natural resources, sunlight and water, and with high
efficiency, directly generate an energy carrier, hydrogen, that is non-polluting and totally
recyclable.
And the reality:
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At present, the device (Khaselev) is not an economical way to produce hydrogen from water and
sunlight. Even with an ideal system, photo-electrochemically produced hydrogen would still be
3-4 times more expensive than current hydrogen from steam reforming of natural gas. To make
this system economical, government mandates and incentives for renewable must be
implemented. Additionally, basic research on this and similar systems must continue. Long term,
consistent funding, supporting basic research is needed to bring these technologies and the
promise of a renewable based hydrogen energy economy to commercial viability'.
Karl-Heinz Funken, who is the head of the Solar Chemistry division of the Solar Energy
Technology department of the Deutsches Zentrum fUr Luft- und Raumfahrt (DLR), expressed his
vision on photo-electrochemical conversion of solar energy to fuel as following. In his answer he
also stressed the need for cheap technologies.
'For energetic purposes the fuel produced (hydrogen, methanol etc.) is a mass product which
must compete with a fuel produced by other methods like solar thermo-chemical methods. These
non-photochemical processes have the potential to produce the solar fuels at much lower costs
than the photochemical procedures. To my opinion systems could be realized technically but at
costs, which would be significantly higher than alternatives.'
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Chapter 7 Conclusions
In the report, the relationship between the hydrogen economy and metal oxide based photo-
electrochemical cells has been briefly reviewed. Due to fossil fuels depletion, environmental
concern (global warming, air pollution, etc.) and energy security, an abundant, reliable,
environmental friendly, widespread and cost effective energy source and carrier needs be
identified.
While there are a number renewable energy sources including hydroelectric, wind, wave,
biomass, hydrothermal, none of them are comparable to solar energy. Solar energy has
significant advantages over all the others, namely: 1) it is virtually inexhaustible and abundant as
the energy output reaching the earth's surface within one hour is sufficient for the energy
requirements of human activity for one whole year, 2) it is widespread and not geographically
limited and 3) it creates no emissions. Hydrogen is an ideal energy carrier for next generation
technology given that it can 1) provide power with high efficiency both in heat engines by
combustion and via fuel cells electrochemically, 2) it is clean without pollutants, 3) it can be
produced from water, which is widespread over the world and converted back after usage, and 4)
it can be used in a large number of industries. Thus the solar-hydrogen seems to be the best
solution for the current energy problem.
Concerns on energy security, environmental quality and economic competitiveness are three
drivers for the development of the hydrogen economy. To realize the solar-hydrogen economy,
there are remaining many hurdles that need to be identified and solved, including technical,
economical and social issues. The hydrogen economy contains many elements, including
hydrogen production, storage and distribution, safety, codes and standards as well as fuel cell
technology. Every element of the hydrogen economy needs to be highly efficient in order to
make the realization of hydrogen economy feasible and competitive.
And in this report, the main focus is concentrated on how to produce hydrogen via solar energy
with high conversion efficiency, low cost, high reliability and stability by photo-electrochemical
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cells. The photo-electrochemical cell is a device which can directly convert solar energy to
chemical energy (H2 fuel). In the report, the historic development, the types of PEC cells, the
fundamentals of photo-electrochemistry including conversion efficiency and efficiency limiting
factors were explained in detail in chapter 3. Important factors discussed included the effects
quantum confinement, nanostructures exhibiting large surface areas, fast charge transport and
high photon density, all of which are important when attempting to continuously improve the
performance of PEC cells.
Metal oxide semiconductors are good options for making PEC cells due to their stability, low
cost and versatility. But they also have a major drawbacks including low conversion efficiency
due to their large band gaps. Several important oxide semiconductors including TiO 2, a-Fe2O3 ,
W0 3, ZnO and their hybrid structures or composites with different microstructures, processing
techniques, materials compositions were reviewed in chapter four. There were many interesting
or unique phenomena observed for different systems. Further studies are needed, as there is still
a lack of a systematic understanding in the field and still no good alternatives that are cost-
effective and stable enough for large scale application of PEC cells.
Through the process of literature review and patent searches, it was found that research on PEC
cells is very popular today; there are many publications in the field increasing annually. With the
development of nanotechnology, more ideas and findings will be brought in and may rapidly
boost the earlier realization and commercialization for PEC devices. The case study based on a
state-of-art BPEC technology analysis showed that the price of solar-hydrogen is remains high.
The efficiency and the durability of devices need be enhanced further.
The future development of PEC cells will continue to focus mainly on the materials science and
technologies, especially on discovering suitable materials for cost-effective photo-electrodes
with emerging nanotechnology. The complementary technologies including hydrogen storage
and transportation will also be emphasized. The innovation and commercialization of PEC cells
and hydrogen economy require a basket of elements for studying and analyzing.
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Appendix A: Comparisons of various energy sources
Coal e Inexpensive e Requires expensive air pollution
Easy to recover (in U.S. and Russia) controls (e.g. mercury, sulfur dioxide)
e Significant contributor to acid rain and
global warming
e Requires extensive transportation system
Nuclear e Fuel is inexpensive 0 Requires larger capital cost because of
* Energy generation is the most emergency, containment, radioactive
concentrated source waste and storage systems
0 Waste is more compact than any 0 Requires resolution of the long-term
source high level waste storage issue m most
* Extensive scientific basis for the countries
cycle 0 Potential nuclear proliferation issue
e Easy to transport as new fuel
e No greenhouse or acid rain effects
-1 vdroel c Very inexpensive once dam is built Very limited source since depends on
e Government has invested heavily in water elevation
building dams, particularly in the 0 Many dams available are currently exist
Western U.S. (not much of a future source[depends on
country])
e Dam collapse usually leads to loss of life
Dams have affected fish (e.g. salmon
runs)
Environmental damage for areas flooded
(backed up) and downstream
Gas/Oil * Good distribution system for current Very limited availability as shown by
use levels shortages during winters several years
* Easy to obtain (sometimes) ago
* Better as space heating energy source * Could be major contributor to global
warming
Very expensive for energy generation
e Large price swings with supply and
demand
e Liquefied Natural Gas storage facilities
and gas transmission systems have met
opposition from environmentalists.
Wind e Wind is free if available. As it turns t Need 3x the amount of installed
out, the US has many areas available, generation to meet demand
e Good source for periodic water Limited to windy areas.
pumping demands of farms as used 0 Limited to small generator size; need
earlier in 1900's many towers.
* Generation and maintenance costs * Highly climate dependent -wind can
have decreased significantly. Wind is damage equipment during windstorms
proving to be a reasonable cost or not turn during still summer days.
renewable source. * May affect endangered birds, however
" Well suited to rural areas. Examples
include Mid-Columbia areas ofailable.
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Oregon and Washington, western
Minnesota, Atlantic Ocean off Cape
Cod.
* Sunlight is free when available
* Costs are dropping.
Solar
Biomass
* Fuel can have low cost
* Could create jobs because smaller
plants would be used
* Low sulfur dioxide emissions
* Combines easily with oxygen to
produce water and energy
e Hydrogen and tritium could be used
as fuel source
e Higher energy output per unit mass
than fission
* Low radiation levels associated with
process than fission-based reactors
tower design can reduce impact..
* Limited to southern areas of U.S. and
other sunny areas throughout the world
(demand can be highest when least
available, e.g. winter solar heating)
* Does require special materials for
mirrors/panels that can affect
environment
* Current technology requires large
amounts of land for small amounts of
energy generation
* Inefficient if small plants are used
* Could be significant contributor to
global warming because fuel has low
heat content
* Inefficient if small plants are used
* Could be significant contributor to
global warming because fuel has low
heat content
* Flyash can contain metals as cadmium
and lead
* Contain dioxins and furans in air and ash
releases
e Very costly to produce
* Takes more energy to produce hydrogen
then energy that could be recovered.
* Breakeven point has not been reached
after ~40 years of expensive research
and commercially available plants not
expected for at least 35 years.
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* Industry in its infancy
* Could create jobs because smaller
plants would be used
Refuse Based
Fuel
Hydrogen
Fusion
Appendix B: Solar Cell related concepts and functions
In this section, some basic definitions for solar cells are introduced. The solar cell can generate a
photocurrent under illumination at short circuit. The photocurrent density is usually indicated as
Js. The quantum efficiency QE or r which is the probability that an incident photon of energy E
will deliver one electron to the external circuit has a relationship with Jc as:
1sc = q f bs (E)QE(E)dE (3.1)
where bs(E) is the incident spectral photon flux density. QE(O) depends upon the absorption
coefficient of the solar materials, the efficiency of charge separation and the efficiency of charge
collection.
The dark current Idark(V) is a rectifying current that acts in the opposite direction to the
photocurrent. It flows across the device under an applied bias Vin the dark and is given as:
qV
Jdark (V) = Jo(ekBT - 1) (3.2)
Thus the net current for a solar cell should be:
J(V) = Jsc - Jdark(V) (3.3)
When the contacts are isolated, the potential difference has its maximum value with an open
circuit voltage Ve, which is equivalent to the condition when the dark current and short circuit
photocurrent exactly cancel out, in this case, Jsc = dark (V)
Voc= BTI( sc+l) (3.4)q Icark
The ratio between the maximum power generated and the product of the short-circuit
photocurrent density Jc and the open-circuit voltage Voc is known as the fill factor 7pi,1 (FF). The
higher the value of tiq,, the better the quality of the device will have, as shown in Fig 3.3.
FF=1f11= JmVm / JscVoc (3.5)
The efficiency of conversion of sunlight to electricity is defined as the power density delivered at
the operating point as a fraction of the incident light power density, PT.
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JscVocFF (3.6)
PT
There is also another commonly used conversion efficiency model, which is also known as the
incident Monochromatic Photon-to-Current Efficiency (IPCE) or external quantum efficiency
(EQE) given as:
=PCE l- 1250xphotocurrent density [ W (3.7)
wavelength [nm]xtotal incident photon f lux [W2]
or
IPCE = LHE x (Pin; X 77c (3.8)
with
LHE(A) = 1 - 1 0 -ra() (3.9)
LHE is the light harvesting efficiency, F is the number of moles of the sensitizer per cm2, op(l) is
the absorption cross section of the sensitizer molecule, tpi; is the electron injection efficiency
and qc is the electron collecting efficiency at the back contact. IPCE is different from internal
quantum efficiency (IQE) as it includes the effect of optical losses such as transmission and
reflection.
IQE = LHE (3.10)
Fig A.B shows some basic concepts for a solar cell in a typical J-E curve [34]. The conversion
efficiency of PEC devices will be discussed in section 3.3. Appendix B also shows a formula
sheet for PV cell.
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Fig A.B Typical J-E behavior of a solar cell, generated by measuring the current as an applied potential is scanned
between the working and counter electrodes [34]
Another important concept is the air mass (AM) spectrum for geographically different
illuminations. AM 0 is for space application and AM 1.5 for most cases of terrestrial application
with irradiation power 1367 W/m2 and 963 W/m 2 respectively [34]. The AM 1.5 is the global
average incident at the surface of the earth. Practically it varies for different geographic
locations. Singapore, for example, has a higher irradiation power than 963 W/m2 and thus is
particularly suitable for application of solar cells.
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Standard solar cell tests
* Maximum power
* Fill factor
Nmax(P)
FF = Nmax
voc~sc
S= NmaxP
IPCE =
nph
e Efficiency
e IPCE
Static Photo-Electric Transfer Functions
* static photo-voltage vs. intensity curve
* static photocurrent vs. intensity curve
* static photocurrent vs. cell voltage
at constant intensity
Dynamic Photo-Electric Transfer Functions
* dynamic photo voltage efficiency IMVS
with V(t) = 9 - ejo+Vv, P(t) = P - ejet
* dynamic photocurrent efficiency IMPS
FVp = V(P)
Fy= I(P)
Hvp(O) = V(t)
P(t)
P(t) with I(t) = f- ejOt+VI, P(t) = P - ei"
Time Domain Measurements
photo voltage vs. time at constant intensity
photocurrent vs. time at constant intensity
Intensity Transients Measurements
* photo voltage vs. time under intensity transients
* photocurrent vs. time under intensity transients
Charge Extraction after N. W. Duffy, L. M. Peter et. al.
V(t)
I(t)
V(t, P)
I(t, P)
Q(t)
Calibration Routines for LED & OLED
* dynamic light source efficiency HEP ((k) = with P = P ejwt+vP, E(t) = eijt
E(t)
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P: Luminous intensity [W/cm 2
V: Photo voltage [V]
I: Photo current [A]
E: Light source potentiostat set voltage [V]
Q: Charge [C]
V"': Open circuit voltage [V]
Ise: Short circuit current [A]
N,ax: Electrical power [W] at the point of the
maximal product U-I of the solar cell
current voltage curve
ne: number of photoelectrons
nph: number of incident photons
^ : amplitude symbol
w0: angular frequency [Hz]
(P: phase shift [rad]
j: imaginary unit
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Appendix D: bSummary of literature on photo-electrochemical studies for SrTiO3
Entry Title of paper Conuents Reference
number
1 Photoelectrochiemical Reactions at Cell found to work efficiently even 386
SrTiO3 Single Crystal Electrodes.
2 Strontium Titanate Photoelectrodes.
Efficient Photoassisted Electrolv-
sis of Water at Zero Applied Po-
tential.
3 Photoelectrolysis of Water in Cells
with SrTiO3 Anodes.
4 Photoeffects on Semiconductor
Ceramic Electrodes.
5 Surface Photovoltage Experiments
on SrTiO3 Electrodes.
6 Photocatalytic and Photoelectro-
chemical Hydrogen Production on
Strontium Titanate Single Crys-
tals.
7 Photocatalytic Decomposition of
Water Vapour on an NiO-SrTiO3
Catalyst.
8 Visible Light Induced Photo-
currents in SrTiO3-LaCr3 Single-
Crystalline Electrodes.
9 The Sensitization of SrTiO3 Photo-
anodes for Visible Light Irradia-
tion,
10 The Colouration of Titanates by
Transition Metal Ions in View of
Solar Energy Applications.
11 Evidence of Photodissociation of
Water Vapor on Reduced
SrTiO3(HI) Surfaces in a High
Vacuum Environment.
12 Oxygen Evolution Improvement at
a Cr-Doped SrTiO3 Photoanode by
a Ru-Oxide Coating.
without a pH gradient in the anode
and cathode compartments.
As above but the water photosplitting
driven by light only with no external
bias. Photoanode stability also con-
firmed as in the evolution of H2 and
02 in the correct 2:1 stoichiometric
ratio.
Maximum quantum efficiency at zero
bias (10% at liv = 3.8 eV) found to be
~-an order of magnitude higher than
TiO2.
Photoresponse of SrTiO3 found to be
better than that of BaTiO3. Unlike the
use of single crystals in the above
studies (Entries 1-3.), polycrystalline
electrodes with large area were used.
The role of surface states in mediating
charge transfer between electrode and
electrolyte elucidated.
Both metal-free and platinized samples
studied in aqueous alkaline electro-
lytes or in the presence of NaOH-
coated crystals.
A series of studies begun with this
particular study which uses powdered
photocatalyst. See Entries below.
Co-doping of La and Cr shifts photo-
response down to 560 mn and strong
absorption in the visible range as-
cribed to Cr' - TiO charge transfer.
As in Entry 8 but using the perovskites
LaV03, Sr2CrNbOo and SrNiNb20q as
dopants.
First report of photodecomposition of
water adsorbed from the gas phase in
high vacuum conditions on metal-
free. reduced single crystals.
287
388
389
390
391
392
393
395
395
396
397
154
Entry Title of paper Comments Reference
number
13 Electrochemical Conversion and
Storage of Solar Energy
14 Water Photolysis by UV Irradiation
of Rhodium Loaded Strontium
Titanate Catalysts. Relation Be-
tween Catalytic Activity and Na-
ture of the Deposit from Com-
bined Photolysis and ESCA
Studies.
15 Photocatalytic Decomposition of
Liquid Water on a NiO-SrTiO3
Catalyst.
16 Study of the Photocatalytic De-
composition of Water Vapour
over a NiO-SrTiO; Catalyst,
17 Photoelectrolysis of Water under
Visible Light with Doped SrTiO3
Electrodes.
18 Mediation by Surface States of the
Electroreduction of Photogene-
rated H202 and 02 on n-SrTiOs in
a Photoelectrochemical Cell.
19 Photocatalytic Decomposition of
Water into H2 and 02 over NiO-
SrTiO3 Powder. 1. Structure of the
Catalyst.
20 Mechanism of Photocatalytic
Decomposition of Water into H2
and 02 over NiO-SrTiO3.
21 Water Photolysis over Metallized
SrTiO3 Catalysts.
22 Luminescence Spectra from n-TiO2
and n-SrTiOs Semiconductor
Electrodes and Those Doped with
Transition-Metal Oxides As Re-
lated with Intermediates of the
Photooxidation Reaction of Water.
23 Photoinduced Surface Reactions on
TiO2 and SrTiO3 Films: Photo-
catalytic Oxidation and Photo-
induced Hydrophilicity.
24 Stoiclhionietric Water Splitting into
H2 and 02 using a Mixture of Two
Different Photocatalysts and an
IO/- Shuttle Redox Mediator
under Visible Light Irradiation.
A doped n-SrTiO3 single crystal was
combined with a proton-conducting
solid electrolyte and a metal hydride
allowing for storage of the evolved
H2.
Powdered catalysts used and the water
photolysis efficiency is found to have a
strong pH dependence.
As in Entry 7 but for liquid water. Effect
of NaOH film (see Entry 6) reproduced
for NiO-SrTiO3 powder.
Mechanistic aspects probed by using a
closed gas circulation system and IR
spectroscopy (see Entries 7 and 15).
Sintered samples used with a variety of
dopants (Ru. V, Cr, Ce, Co. Rh).
Back reactions probed and the role of
surface states elucidated.
Nickel metal also found at the interface of
NiO and SrTiO3. See also Entries 7, 15
and 16.
HER found to occur on the NiO cocatalyst
surface while OER takes place on
SrTiO3. See also Entries 7, 15, 16 and 19.
Promoting effect of NaOH not so pro-
nounced as for TiO2.
Mechanistic aspects clarified using photo-
and electroluminescence measurements.
A Z-scheme used using a mixture of Pt-
WO3 and Pt-SrTiO3 photocatalysts. The
latter was co-doped with Cr and Ta.
398
399
400
401
402
403
404
405
406
407
283
408
155
Entry Title of paper Conunents Reference
number
The band gap of SrTiO3 slmnk to 2.4 eV 409
by co-doping.
25 Visible-Light-Response and Photo-
catalytic Activities of TiO2 and
SrTiO3 Photocatalysts Co-doped
with Antimony and Chromium.
26 A New Photocatalytic Water Split-
ting System under Visible Light
Irradiation Mimicking a Z-
Scheme
Mechanism in Photosyn-thesis.
27 Construction of Z-Scheine Type
Heterogeneous Photocatalysis
Systems for Water Splitting into
H2 and 02 under Visible Light
Irradiation.
28 Electrochemical Approach to
Evaluate the Mechanism of Photo-
catalytic Water Splitting on Oxide
Photocatalysts.
29 H2 Evolution from a Aqueous
Methanol Solution on SrTiO3
Photocatalysts Co-doped with
Chromium and Tantalum Ions
under Visible Light Irradiation
30 Photocatalytic Activities of Noble
Metal Ion Doped SrTiO3 under
Visible Light Irradiation
31 Nickel and Either Tantalum or
Niobium-Co-doped TiO2 and
SrTiO3 Photocatalysts with Visi-
ble-Light Response for H2 or 02
Evolution from Aqueous Solu-
tions
Mn-, Ru-, Rh- and Ir-doped powder
samples studied.
Co-doping found to afford higher activity
for HER compared with Ni alone.
349
410
333
411
412
334
aThe reference number for each study should refer to those in the original book [40]
bThe reference number for each study should refer to those in the original book [83]
156
See Entry 23 above.
A Pt-SrTiO3 doped with Rh is combined
with a BiVO4 photocatalyst.
Cr or Sb co-doped SrTiO3 samples
studied amongst others (cf. Table 7,
entry 13)
Appendix E: List of major photovoltaic companies
China
* Baoding Tianwei Yingli New Energy Resources Co., Ltd., www.yinglisolar.com/en/newsindex.asp
* Motech Industries Inc., www.motech.com.tw
* Solarfun Power Holdings Co., Ltd., www.solarfun.com.cn
* Suntech Power Holdings Co., Ltd., www.suntech-power.com
* Trina Solar Energy Co., Ltd., www.trinasolar.com
Germany
* Deutsche Cell, www.deutschecell.de
* ErSol Solar Energy AG, www.ersol.de
* Q-Cells AG, www.qcells.de
* Schott Solar AG, www.schott.com/solar/english/index.html
* Solarfabrik AG, www.solar-fabrik.com
* SolarWorld AG, www.solarworld.de
* Solex GmbH, www.solexgmbh.de
* Sunways AG, www.sunways.de
Japan
* Kyocera, www.kyocerasolar.com
* Mitsubishi, global.mitsubishielectric.com/bu/solar/index.html
* Sanyo, us.sanyo.com/industrial/solar/
* Sharp, www.sharp.com - currently has a 30% market share
United Kingdom
. BP Solar, www.bp.com/modularhome.do?categoryld=4260 - announced the construction of two mega cell
plants in March 2007
* Shell Solar, www.shell.com/solar/
United States
* DayStar Technologies Inc., www.daystartech.com
* Emcore PhotoVoltaics, www.emcore.com
* Evergreen Solar Inc., www.evergreensolar.com
* GE Energy - Solar Power (formerly Astropower), www.gepower.com
* Spectrolab Inc., www.spectrolab.com - world record ofsolar panel efficiency at 40.7% (as of2007)
* Sun Power Corporation, www.sunpowercorp.com
* United Solar Ovonic LLC, www.uni-solar.com
List of major silicon producers
* Germany, Wacker-Chemie, www.wacker.com/internet/noc/Products/PPolysilicon/
* Japan, Mitsubishi Materials, www.mmc.co.jp/english/
* Japan, Shin-Etsu Handotai Co. Ltd., www.sehe.com
* Japan, Tokuyama, www.tokuyama.co.jp/eng/
* Latin America, ASIMI, www.asimin.com
* Norway, Renewable Energy Corp. / REC Group, www.recgroup.no
* United States, Hemlock Semiconductor Corp., www.hscpoly.com/Default.htm
* United States, MEMC Electronic Materials Inc., www.memc.com
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Appendix F: Useful Conversions and Thermodynamic Properties
metric ton (tonne) = IUUU Kg = .
Btu= 1055 J
quad = 10"5 Btu= 1.055 EJ
liter = 0.2642 gallons U.S.
cubic meter (m3)= 35.31 cubic feet
conversions for hydrogen:
1 million scf/day = 2.65 short tons/day
1 kg = 11.13 N-m3 (0 degrees Celsius and 1 atmosphere)
1 kg = 415.6 scf (60 degrees Fahrenheit and 1 atmosphere)
NOTE: scf = standard cubic feet; Btu = British thermal unit; EJ = exajoule = 1018 joules; N-m3 = normal cubic
meter; kg = kilogram.
Hydrogen HHV (AH)
Hydrogen LHV (AH)
Methane gross heat of combustion HHV (AH)
Energy content of 1 kg hydrogen
of 1 N-m3 hydrogen
of 1 pound of hydrogen
of 1 gallon gasoline
141.9 MJ (HHV) = 39.4 kWh;120.1 MJ (LHV)= 33.3 kWh
12.7 MJ (HHV)
64.4 MJ (HHV) = 61.0 kBtu
121.3 MJ (LHV); 115,000 Btu (LHV)
NOTE: HHV = higher heating value; LHV = lower heating value; AH = enthalpy; J= joule; Btu = British thermal
unit; M = million; k = thousand; mol = mole; N-m3 = normal cubic meter; kWh = kilowatt hour. SOURCE: NIST
(2003), except DOE (2003f) for gasoline data.
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-242 kJ/mol
-891 kJ/mol
Appendix G: Institutions active in the field of photochemical conversion and storage of
solar energy
e National Renewable Energy Laboratory, Golden Colorado, USA, www.nrel.gov
* Hawaii Natural Energy Institute, school of ocean and earth science and technology,
University of Hawaii at Manoa, Honolulu, USA, www.soest.hawaii.edu/HNEI/hnei.html.
* Brookhaven National Laboratory, Upton, NY, USA, www.bnl.gov.
* Research Institute of Innovative Technology for the Earth (RITE), Kyoto, Japan
http://www.rite.or.jp/english/.
* University of Tokyo, school of engineering, department of applied chemistry, Tokyo,
Japan, http://www.appchem.t.u-tokyo.ac.jp/appchem/ (Japanese).
* Paul Scherrer Institute, Villigen, Switzerland, wwwl.psi.ch.
* Ecole Polytechnique Federale de Lausanne, (Swiss federal institute of technology) EPFL,
Institute of physical chemistry, Lausanne, Switzerland, www.epfl.ch, and
dcwww.epfl.ch/icp/ICP-2/icp-2.html.
e University of Bern, dept. of chemistry, The Calzaferri Research Group, Bern,
Switzerland, http://iacrsl.unibe.ch/start.html.
* Deutsches Zentrum fir Luft- und Raumfahrt, (DLR), Solare Energietechnik, K61n-Porz,
Germany, www.dlr.de/ET.
* Hahn-Meitner Institut, Solar energy Research, Berlin, Germany, www.hmi.de.
" Netherlands Energy Research Institute, ECN, Petten, The Netherlands www.ecn.nl.
" Delft University of Technology, department of applied inorganic chemistry, Delft, The
Netherlands www.stm.tudelft.nl/tac/theme c.htim.
" National Center for Scientific Research 'Demokritos' Institute of Physical Chemistry,
Athens, Greece, http://rnacedonia.nrcps.ariadne-t.gr/Dernokritos/personal.htnl.
* Caltech, department of chemistry, CA, US. http://nsl.caltech.edu/
" UC Berkeley. Lawrence Berkeley National Laboratory. Materials Sciences Division.
http://emat-solar.lbl.gov/people/ZLW.html
Other Internet links in the field of photochemical conversion of solar energy:
" Hydrogen Information Network Home Page, www.eren.doe.gov/hydrogen.
" Hydrogen Energy Research information, http://home.osti.gov/hyd/hydhome.html.
* EUROSOLAR European Solar Energy Association http://www.eurosolar.org/.
* International Solar Energy Society, ISES, www.ises.org.
e The American Solar energy Society, www.ases.org.
e The European Photochemistry association, EPA http://www.unibas.ch/epa.
" International Solar Server http://www.solarinfo.de/de/site/news/start.html.
" Hyweb, hydrogen fuel cell energy information, http://www.hydrogen.org/index-e.html.
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